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ABSTRACT'
' How!do!we!prepare!for!complex!tasks?!Can!we!optimize!preparatory!control!processes,!especially!as!they!decline!with!age?!The!research!program!detailed!here!sheds!light!on!these!questions!by!employing!integrative!paradigms!to!investigate!brain!dynamics!related!to!successful!performance!in!attention!or!control2demanding!situations.!These!control2demanding!processes!are!broadly!referred!to!as!“executive!functions,”!known!to!heavily!involve!the!frontal!cortex.!The!relationship!between!frontal!brain!activity!and!behavioral!performance!however,!is!not!straightforward.!Some!studies!find!that!increased!activation!in!this!region!relates!to!better!performance,!while!others,!particularly!studies!that!involve!older!adults,!show!that!increased!activation!can!also!indicate!failure!to!engage!appropriate!control!processes.!Given!these!mixed!observations,!as!well!as!the!myriad!of!areas!involved!in!any!complex!task,!research!has!increasingly!shifted!towards!understanding!how!brain!processes!are!implemented!via!activity!in!a!set!of!networked!regions,!with!the!main!idea!that!correlation!of!activity!or!“connectivity”!between!regions!is!more!informative!than!activity!from!a!single!region.!Moreover,!studies!have!shown!that!factors!such!as!aging,!as!well!as!training!or!interventions!do!not!only!change!the!structure!or!activity!of!specific!regions,!but!the!dynamics!of!the!brain!networks!these!regions!belong!to.!! This!dissertation!involves!two!main!goals:!1)!investigating!preparatory!control!processes!by!evaluating!the!connectivity!of!brain!regions,!particularly!the!interaction!of!the!prefrontal!cortex!and!task2relevant!regions,!and!2)!investigating!how!aging!may!modify!the!dynamics!of!these!processes,!with!future!plans!to!use!these!findings!to!inform!training!or!intervention!research.!!
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! In!the!first!experiment!(Chapter!2),!I!investigate!preparatory!processes!in!middle2to2older!aged!adults!using!a!cued!task2switching!paradigm.!Older!adults!show!a!specific!decline!in!fronto2parietal!regions!and!in!executive!function!abilities,!particularly!in!tasks!that!involve!flexibly!allocating!attention.!Here,!in!addition!to!age,!corpus!callosum!and!modulation!over!left!frontal!cortex!predicted!switch!costs.!Using!cross2correlations!to!examine!the!flow!of!activity!in!a!switching!task,!I!found!that!left!middle!frontal!gyrus!activity!preceded!up2regulation!of!task2relevant!lateralized!processes!in!frontal!regions.!In!addition!to!highlighting!the!flexible!dynamics!and!timing!of!these!processes,!this!experiment!also!confirmed!the!importance!of!the!corpus!callosum!structural!connection!in!supporting!the!task2dependent!interaction!between!frontal!regions.!In!the!second!experiment!(Chapters!3!and!4),!I!examine!preparatory!control!by!studying!whether!older!adults!modulate!frontal!control!processes!in!response!to!cues!that!indicate!the!degree!of!control!needed!for!an!upcoming!target!stimulus.!Similar!to!young!adults,!older!adults!showed!cue2related!behavioral!adjustments!and!up2regulated!frontal!regions!for!cues!predicting!a!greater!need!for!attentional!control.!Lagged!cross2correlations!showed!that!control2demanding!cues!led!to!greater!coupling!between!the!dorsal!anterior!cingulate!cortex!and!the!left!middle!frontal!gyrus,!regions!important!for!evaluating!control!and!implementing!control,!respectively.!Although!older!adults!showed!weaker!and!trends!for!slower!up2regulation!of!frontal!regions!overall,!they!also!showed!greater!bilateral!recruitment!of!dorsal!frontal!regions,!with!cross2correlations!pointing!to!a!left2to2right!hemisphere!flow!of!activation!and!up2regulation!during!the!control2demanding!cues.!Overall,!this!line!of!work!uses!converging!behavioral!and!imaging!methods!to!obtain!a!more!comprehensive!view!of!the!brain!dynamics!that!are!important!for!complex!
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performance.!Chapter!5!integrates!the!findings!from!the!two!experiments!to!identify!common!mechanisms!of!preparatory!control!and!age2related!change.!Identifying!the!neural!processes!that!are!important!for!executive!function!can!better!inform!research!that!seeks!to!maintain!or!improve!this!ability!across!the!lifespan.!Potential!applications!include!monitoring!brain!activity!and!providing!real2time!feedback!to!support!performance,!and!identifying!tasks!or!interventions!that!promote!and!engage!the!neurocognitive!dynamics!that!are!important!for!performance!in!real2world!tasks.!!
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CHAPTER'1'
INTRODUCTION1'
Age9related'differences'in'executive'control'The!earliest!theories!to!explain!age2related!decline!or!differences!in!cognition!sought!to!account!for!a!single!mechanism!to!explain!aging’s!broad!effects.!Aging!is!characterized!by!a!decline!in!a!wide!array!of!functions,!although!not!all!abilities!are!affected!to!the!same!extent.!Processes!that!require!“online”!or!complex!operations!that!build!on!one!another!show!unique!and!more!profound!changes,!while!more!“crystallized”!abilities!such!as!verbal!knowledge!and!numerical!ability!stay!relatively!intact.!Reduced!processing!speed!was!one!of!the!earliest!mechanisms!proposed!to!explain!age2related!differences!in!cognition!(Salthouse,!1996),!with!path!analyses!and!hierarchical!regression!analyses!showing!that!while!age!and!speed!ability!were!directly!related!(as!well!as!speed!with!other!cognitive!variables),!there!was!no!direct!link!between!age!and!cognition.!The!processing!speed!theory!revolved!around!2!main!principles:!1)!limited!time—that!performance!decrements!observed!with!age!are!a!result!of!an!inability!to!properly!and!timely!execute!operations!needed!for!cognitive!processing!and!that!such!delay!laid!to!a!failure!in!2)!simultaneity,!where!information!from!previous!operations!were!no!longer!available!in!usable!form!thereby!hurting!performance!in!complex!tasks!that!require!activation!or!use!of!multiple!pieces!of!information,!as!in!measures!of!fluid!intelligence!or!tasks!of!executive!control.!
                                                
1 Sections!of!this!chapter!(Task2switching!as!an!insight!into!preparatory!control,!Fronto2parietal!network!connectivity!in!young!adults)!include!text!from!a!published!article!on!which!the!student!was!the!lead!author:!Baniqued,!P.L.,!Low,!K.A.,!Fabiani,!M.!&!Gratton,!G.!(2013).!Frontoparietal!traffic!signals:!A!fast!optical!imaging!study!of!preparatory!dynamics!in!response!mode!switching.!Journal!of!Cognitive!Neuroscience,!25(6),!8872902.!doi:10.1162/jocn_a_00341.!Copyright!Journal!of!Cognitive!Neuroscience!http://www.mitpressjournals.org/loi/jocn'
! 2!
The!simultaneity!principle!overlaps!with!a!growing!framework!for!explaining!aging2related!decline,!that!of!a!reduced!capacity!for!control2demanding!processes,!such!as!working!memory!and!attention.!Craik!&!Byrd!(1982)!argued!that!it!is!the!performance!of!controlled!operations,!or!those!that!require!“mental!energy”!as!opposed!to!“automatic”!processes!that!are!selectively!compromised!in!aging.!Specifically,!working!memory!(WM)!theories!of!aging!point!out!the!difficulty!older!adults!face!when!they!have!to!actively!maintain!and!manipulate!information!in!mind.!Unlike!the!processing!speed!theory!that!emphasized!timely!execution!of!operations,!this!theory!focused!more!on!the!simultaneity!aspect!of!being!able!to!use!or!represent!multiple!pieces!of!information.!The!impaired!ability!to!do!this!is!thought!to!stem!from!reduced!capacity!or!resources!that!comes!with!age,!in!that!older!adults!have!less!“slots”!available!to!encode!and!consequently!maintain!increasingly!huge!or!complex!amounts!of!information,!as!supported!by!magnified!age!differences!in!complex!vs.!simple!span!tasks!(Reuter2Lorenz!&!Park,!2010).!The!HAROLD!theory:!Hemispheric!Asymmetry!Reduction!in!OLDer!adults!(Cabeza,!2002)!developed!out!of!the!observation!that!during!attention2demanding!tasks!such!as!working!memory!paradigms,!older!adults!recruit!more!regions!across!various!tasks,!such!as!bilateral!frontal!activation!in!contrast!to!the!unilateral!pattern!of!activity!typically!seen!in!young.!The!theory!proposes!two!main!explanations!for!the!lateralization!findings:!1)!dedifferentiation!and!2)!compensation.!Dedifferentiation!is!the!idea!that!age2related!bilateral!recruitment!comes!from!a!difficulty!in!engaging!specialized!neural!mechanisms.!Behavioral!evidence!comes!in!the!form!of!higher!correlations!between!various!cognitive!abilities!with!increasing!age.!Neuroimaging!studies!have!found!such!reduced!functional!specificity!in!sensory!or!association!areas,!although!more!work!needs!to!be!done!to!support!
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this!view—in!particular!to!explain!bilateral!recruitment!in!frontal!regions.!Compensation!is!the!more!widely!studied!explanation!for!HAROLD,!and!it!stems!from!the!finding!that!despite!equivalent!performance!in!old!and!young!adults,!differences!in!neural!activity!are!found!with!older!subjects!showing!more!bilateral!activity.!The!theory!proposes!that!in!older!adults!who!suffer!from!reduced!processing!resources!or!capacity,!increased!neural!recruitment!is!needed!to!achieve!the!same!level!of!performance!as!younger!adults!(Cabeza,!2002).!Moreover,!findings!by!Reuter2Lorenz!and!colleagues!(2000)!revealed!that!this!bilateral!activation!was!most!evident!in!faster2responding!older!adults,!providing!further!support!that!this!pattern!was!optimal!or!compensatory,!and!not!necessarily!a!marker!of!cognitive!failure.!This!theory!was!formalized!by!Reuter2Lorenz!and!colleagues!(2008)!as!the!CompensationBrelated!utilization!of!neural!circuits!hypothesis!(CRUNCH).!!Strong!support!for!CRUNCH!is!found!in!transcranial!magnetic!stimulation!(TMS)!studies!that!find!performance!decrements!when!older!adults!who!typically!show!bilateral!activation!receive!TMS!to!either!hemisphere!(Rossi!et!al.,!2004).!TMS!as!typically!administered!in!“deactivating”!mode!induces!noise!in!the!underlying!neural!signals!and!thus!creates!a!temporary!“lesion”!in!the!area.!Meanwhile,!another!study!used!TMS!in!the!“activating”!mode!to!promote!activity!in!the!underlying!tissue!and!found!results!as!predicted!by!CRUNCH:!older!adults!who!initially!showed!poor!performance!now!improved!and!also!now!showed!more!bilateral!activation!(Sole2Padulles,!et!al.,!2006).!An!interesting!and!yet!unresolved!question!is!what!the!brain!is!compensating!for,!and!theories!range!from!increased!noise!(as!in!the!dedifferentiation!hypothesis)!to!compensation!due!to!poorer!input!from!other!areas.!This!latter!explanation!receives!some!support,!as!increasingly!more!
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studies!find!that!brain!regions!interact!as!a!network!to!support!optimal!performance.!Such!network!findings!and!age2related!differences!will!be!discussed!in!a!later!section.!Although!CRUNCH!findings!show!unequal!neural!recruitment!in!the!face!of!equivalent!performance,!quantitative!support!for!the!theory!is!minimal!and!little!is!known!about!the!neural2behavior!relationship!at!the!other!ends!of!the!performance!spectrum,!at!extremely!low!and!high!task!loads.!The!theory!predicts!that!compensatory!activity!increases!at!higher!task!loads,!and!that!older!adults!will!do!this!at!earlier/easier!task!loads!than!young!adults.!Then!at!maximum!task!load,!older!adults!will!no!longer!be!able!to!recruit!or!“deploy!additional!resources.”!To!better!test!this,!Schneider2Garces!and!colleagues!!(2010)!used!a!Sternberg!working!memory!task!and!included!5!memory!set!sizes!to!study!the!neural2behavior!relationship!parametrically!and!in!more!detail.!They!replicated!previous!findings!showing!that!overall,!collapsed!across!set!sizes,!older!adults!recruited!more!bilaterally!than!younger!adults.!At!low!set!sizes,!they!found!bilateral!frontoparietal!activation!in!older!adults,!with!only!visual!cortex!activity!in!young!adults.!At!higher!set!sizes!however,!young!adults!now!showed!increasingly!bilateral!activation!while!old!adults!showed!no!increase!in!activation!with!increasing!levels!of!high!load.!This!latter!result!was!interesting,!as!overactivation!or!bilateral!activation,!which!is!“typical”!of!older!adults,!is!now!absent!and!instead!present!in!the!young.!Is!the!neural!phenomenon!then!not!general!to!aging!but!a!manifestation!of!individual!differences!in!resources!or!memory!span?!!To!probe!this,!each!subject’s!span!was!computed!and!fMRI!activation!was!determined!for!spans!below!and!above!the!subject’s!limit.!Here!they!found!that!older!and!young!adults!had!a!similar2shaped!sigmoid!function,!such!that!activity!increased!up!to!the!individual’s!span,!then!leveled!off!at!above!capacity.!They!concluded!that!bilateral!
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activation!was!not!an!age!phenomenon!per!se,!but!one!that!comes!out!of!older!adults!having!lower!spans!on!average.!CRUNCH!it!seems!is!not!solely!an!age2specific!theory,!but!one!that!extends!to!relative!task!difficulty!(Schneider2Garces,!et!al.,!2010).!The!asymptotes!found!in!performance!and!neural!activity!remains!to!be!explored,!but!primary!explanations!include!limitations!in!cognitive!capacity!or!in!neurovascular!capacity.!Overall,!these!findings!suggest!that!aging!is!characterized!by!more!of!a!shift!in!pre2existing!individual!differences,!more!formally!described!in!terms!of!“GOLDEN!aging,”!or!growth!of!lifelong!differences!explains!normal!aging!(Fabiani,!2012).!Earlier!studies!on!age2related!working!memory!differences!hint!that!capacity!limits!are!not!related!to!reduced!resources!or!slots!in!memory!per!se,!but!to!a!reduced!ability!to!control!or!use!them!efficiently.!Hasher,!Lustig!and!Zacks!(2007)!proposed!the!inhibitory!or!attentional!control!theory!of!aging,!which!was!consistent!at!the!time!with!findings!of!lack!of!age2related!differences!at!WM!memory!encoding!or!simple!maintenance!(Rypma!&!D’Esposito,!2000;!Gazzaley,!Cooney,!Rissman!&!D’Esposito,!2005).!That!is,!older!adults!were!not!impaired!in!processing!huge!amounts!of!information,!but!in!processing!such!information!in!the!face!of!distraction!or!task2irrelevant!or!competing!information.!Propelled!by!findings!that!working!memory!age!differences!were!observed!only!at!retrieval!stages!and!not!encoding!(Rypma!&!D’Esposito,!2000),!Gazzaley!and!colleagues!went!a!step!further!and!this!time!manipulated!the!information!presented!during!the!delay!or!maintenance!period!such!that!task2irrelevant!information!was!presented!together!with!the!to2be2remembered!stimuli!(2005).!Consistent!with!the!inhibitory!hypothesis,!they!found!that!older!adults!had!a!preserved!ability!to!enhance!task2relevant!representations!but!a!relatively!impaired!ability!to!suppress!task2irrelevant!information,!as!evidenced!by!
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comparable!activity!in!a!scene2selective!ROI!during!remember2scenes!and!ignore2scenes!trials.!While!younger!adults!showed!a!significant!down2regulation!during!the!ignore2scenes!trials,!older!adults!did!not.!This!was!also!accompanied!by!behavioral!impairments!by!older!adults!in!the!ignore!scenes!condition,!with!both!reduced!accuracy!and!longer!reaction!times.!The!findings!of!longer!reaction!times!in!this!study!and!others!provide!support!for!the!processing!speed!theory,!but!build!on!it!such!that!processes!that!require!control!of!attention!are!selectively!impaired!with!age.!A!review!by!Kramer,!Fabiani!and!Colcombe!(2006)!summarizes!research!consistent!with!the!inhibitory!hypothesis.!Some!relatively!well2characterized!ERPs!can!index!the!degree!to!which!certain!information!is!processed!and!can!highlight!where!the!bottlenecks!in!age2related!processing!occur.!For!example,!older!adults,!compared!to!young,!have!been!found!to!show!persistent!auditory!N100s,!despite!repetition!and!task2irrelevance!of!the!tones,!as!well!as!despite!explicit!instruction!to!ignore!the!tones.!A!similar!pattern!has!been!found!for!the!P3a!or!novelty!P3!that!is!typically!seen!in!response!to!unexpected!or!novel!stimuli.!A!study!also!found!that!a!measure!of!attentional!control—the!operation!span!task!(OSPAN)!is!predictive!of!the!parietally2distributed!P300!or!P3b,!which!unlike!the!P3a,!is!more!sensitive!to!stimulus!sequence!and!maintenance!of!mental!representations,!with!a!smaller!amplitude!corresponding!to!a!better!maintained!representation.!Brumback2Peltz,!Gratton!and!Fabiani!(2011)!investigated!this!in!older!adults!and!found!that!participants!with!high!attentional!control!displayed!smaller!P3bs,!indicating!that!they!were!better!able!to!keep!track!of!information.!In!this!study,!aging!was!found!to!be!related!to!decreased!recruitment!of!parietal!activity!and!an!increased!reliance!on!frontal!processes.!This!is!reminiscent!of!the!HAROLD!and!CRUNCH!theories!where!increased!frontal!activity!is!
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thought!to!be!related!to!decreased!activity!in!other!regions.!Indeed,!aging!studies!are!shifting!towards!understanding!trade2off!or!network!mechanisms!and!integrating!these!with!individual!differences!in!cognitive!ability.!!
Task9switching'as'an'insight'into'preparatory'control'Given!the!complexity!of!the!observations!discussed!previously,!an!ideal!paradigm!to!study!executive!control!in!aging!is!task2switching,!with!its!demand!on!attention!control!and!the!opportunity!to!study!switch2general!processes!and!task2related!activation,!deactivation!and!any!interactions!between!regions.!Switching!between!tasks!typically!results!in!slower!and!less!accurate!performance,!although!switch!costs!are!reduced!after!extended!practice!and!when!when!people!are!given!time!to!prepare!(Jersild,!1927;!Monsell,!2003;!Allport,!Styles!&!Hsieh,!1994;!Kramer,!Hahn!&!Gopher,!1999;!Wylie!&!Allport,!2000).!Decreased!performance!such!as!longer!reaction!times!in!mixed!blocks!compared!to!single2task!blocks!(global!costs)!are!often!found!in!older!adults,!although!more!recent!work!has!found!local!switch!costs!(repeat!vs!switch!trials!in!a!mixed!task!block),!with!greater!age!differences!in!paradigms!that!place!a!higher!memory!load,!such!as!in!requiring!subjects!to!keep!track!of!when!to!switch!or!in!tasks!that!introduce!additional!elements!of!interference,!such!as!in!response!selection!(Kramer!et!al.,!1999).!Nonetheless,!training!studies!have!shown!that!at!least!for!some!paradigms,!switch!costs!can!be!ameliorated!to!a!certain!degree,!even!in!older!adults!(Kramer,!Larish,!Weber!&!Bardell,!1999).!Superior!performance!and!practice2related!improvements!in!switching!efficiency!have!been!attributed!to!greater!recruitment!of!preparatory!control!processes!on!switch!trials,!during!which!attention!is!thought!to!be!redirected!from!previously!relevant!tasks!to!focus!on!new!demands!(Meiran!1996;!Sohn,!Ursu,!Anderson,!Stenger,!&!Carter,!2000;!
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Hopfinger,!Buonocore,!&!Mangun,!2000;!for!a!review,!see!Karayanidis!et!al.,!2010).!These!effects!are!associated!with!increased!activity!in!prefrontal!and!parietal!brain!regions!(i.e.,!the!“frontoparietal!network”!or!FPN;!Gilbert!&!Shallice,!2002;!Mesulam,!1990;!Posner!&!Petersen,!1990),!but!they!also!typically!involve!differential!activation!of!task2specific!regions!(see!Kim,!Cilles,!Johnson!&!Gold,!2012!for!a!meta2analysis).!Theories!of!switching!efficiency!highlight!two!mechanisms:!general!cue2triggered!instantiation!or!directing!of!attention,!and!a!succeeding!cascade!of!task2specific!preparatory!processes!that!may!involve!discarding!or!inhibiting!irrelevant!task!rules,!retrieving!trial2appropriate!ones!and!maintaining!the!relevant!task2set!(Monsell,!2003;!Corbetta!&!Shulman,!2002;!Dosenbach!et!al.,!2006;!Rushworth,!Walton,!Kennerley!&!Bannerman,!2004;!Gilbert!&!Shallice,!2002;!Perianez!et!al.,!2004).!Preparatory!control!theories!assert!that!prefrontal!regions!initiate!coordination!of!attention!processes!and!bias!brain!states!towards!the!relevant!stimulus!or!task!(Miller!&!Cohen,!2001;!Corbetta!&!Shulman,!2002;!Brass,!Ullsperger,!Knoesche,!von!Cramon!&!Philips,!2005).!However,!general!knowledge!of!such!dynamics!across!switching!paradigms!is!limited!(Monsell,!2003;!Kim,!Cilles,!Johnson!&!Gold,!2011).!In!a!previous!study,!we!chose!response!domains!with!well2characterized!and!anatomically!specific!functional!profiles:!manual!and!vocal!responses.!As!numerous!studies!have!shown!increased!activity!within!sensory!cortices!due!to!attentional!shifts!related!to!the!task!stimulus!or!modality!(Weissman,!Warner,!Woldorff,!2004;!Hopfinger,!Buonocore,!&!Mangun,!2000),!we!predicted!modulation!of!the!motor!cortex!and!Broca’s!area!during!the!delay!period!where!preparation!likely!involves!“pre2activation”!of!response!production!areas!(Wylie,!Javitt!&!Foxe,!2006;!Dosenbach!et!al.,!2006).!Indeed,!we!found!activity!in!
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posterior!parietal!and!left2lateralized!perisylvian!areas!regions!during!the!preparatory!interval,!with!activation!modulated!by!the!modality!of!the!current!trial.!!!Task2specific!reconfiguration!may!also!involve!reciprocal!inhibition,!an!idea!proposed!in!some!models!of!attention!control!(Miller!&!Cohen!2001;!Hasher,!Lustig,!&!Zacks,!2007;!Herd!et!al.,!2006),!where!processes!required!for!a!particular!task!may!be!suppressed!when!different!task!demands!are!imposed.!!For!example,!activity!in!middle2to2inferior!frontal!gyrus!in!the!left!and!right!hemispheres!has!been!shown!to!be!differentially!responsive!to!verbal!or!spatial!tasks!(Gratton,!Wee,!Rykhlevskaia,!Leaver!&!Fabiani,!2009;!Smith,!Jonides!&!Koeppe,!1996;!Reuter2Lorenz!et!al.,!2000).!In!a!previous!EROS!study,!switching!to!a!verbal!task!resulted!in!activation!of!left!prefrontal!cortex!while!switching!to!a!spatial!task!involved!right!prefrontal!cortex!(Gratton!et!al.,!2009).!Such!effects!are!accompanied!by!deactivation!in!the!task2irrelevant!region!(Rykhlevskaia!et!al.,!2006)!and!are!modulated!by!the!strength!of!the!structural!or!functional!connections!between!preparatory!control!areas.!Thus,!in!the!experiments!described!in!this!dissertation,!we!expect!to!observe!both!down2!and!up2regulation!of!networks!in!preparation!for!response!production!depending!on!which!aspects!of!response!activation!are!being!primed!or!suppressed.!
Cognitive'flexibility'and'strategic'control'
' Task!switching!studies!shed!light!on!how!individuals!flexibly!control!their!attention,!but!this!assumes!that!similar!strategies!are!engaged!to!prepare!for!different!tasks!or!stimuli!that!may!vary!in!the!demand!for!control.!As!discussed!previously,!older!adults’!abilities!do!not!uniformly!decline!with!age.!In!fact,!older!adults!demonstrate!relatively!preserved!attentional!capture!(Kramer,!Hahn,!Irwin!&!Theeuwes,!1999;!Cashdollar!et!al.,!2012)!which!
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may!help!in!low2conflict!or!congruent!type!trials!where!processing!distractors!or!“irrelevant”!information!can!facilitate!performance,!although!such!processing!may!also!make!them!especially!susceptible!to!distracting!information.!In!many!paradigms,!it!takes!longer!for!older!adults!to!recover!or!disengage!from!irrelevant!information,!and!this!has!been!related!to!working!memory!capacity!(Fukuda!&!Vogel,!2011)!which!is!known!to!be!negatively!affected!by!age.!One!popular!yet!controversial!idea!of!how!attention!is!controlled!is!“conflict!adaptation,”!where!control!processes!are!thought!to!be!triggered!by!the!experience!of!a!high2conflict!previous!trial,!such!that!control!is!engaged!and!helps!performance!on!the!succeeding!high2conflict!trial,!with!little!modulation!of!low2conflict!trials!(for!a!review,!see!Egner!2008).!This!phenomenon!was!first!described!by!Gratton,!Coles!and!Donchin!(1992),!who!found!that!in!a!flanker!task,!subjects!performed!better!after!high2conflict!“incongruent”!trials!(HHSHH)!than!after!low2conflict!“congruent”!trials!(HHHHH).!Gratton!and!colleagues!suggested!a!strategic!or!expectancy!account!wherein!subjective!expectations!as!to!the!nature!of!the!upcoming!trial!drove!them!to!regulate!behavior,!with!a!greater!tendency!to!select!a!focused!strategy!after!a!high!conflict!trial!(and!default!to!a!parallel!or!less!focused!strategy!after!low2conflict!trials).!In!a!series!of!experiments!that!aimed!to!rule!out!stimulus!repetition!or!response!priming,!they!confirmed!that!expectancy!did!relate!to!strategy!selection,!such!that!a!high!probability!of!congruent!trials!led!to!a!“early!selection”!strategy!that!allowed!for!greater!processing!of!flankers!to!facilitate!performance,!while!a!high!probability!of!incompatible!trials!led!to!a!more!focused!selection!strategy.!Interestingly,!this!has!been!found!to!occur!without!awareness!(Ghinescu,!Schachtman,!Stadler,!Fabiani!&!Gratton,!2010)!in!a!paradigm!that!manipulated!whether!subjects!were!aware!of!the!predictive!utility!of!the!cues!that!
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preceded!stimulus!onset.!In!another!cued!preparation!paradigm!(AX2!continuous!performance!test),!older!adults!have!also!been!shown!to!engage!more!“reactive”!than!proactive!control!by!default,!but!that!task2strategy!training!can!shift!them!words!a!more!proactive!mode!(Braver,!Paxton,!Locke!&!Barch,!2009)!associated!with!increased!lateral!PFC!activity!and!improved!performance.!!! In!the!conflict!adaptation!literature,!which!emphasizes!the!experience!of!conflict!over!an!expectancy!account,!previous2trial!or!cue2triggered!reconfiguration!of!behavior!has!been!linked!to!frontal!and!parietal!cortices.!In!a!review,!Egner!and!Hirsch!(2005)!highlighted!the!role!of!the!anterior!cingulate!in!monitoring!performance!and!detecting!conflict,!and!its!interaction!with!the!dorsolateral!prefrontal!cortex!to!adjust!performance!on!the!next!trial!(Botvinick!et!al.,!2001;!Botvinick,!Cohen!&!Carter,!2004;!Kerns!et!al.,!2004;!Hanslmayr!et!al.,!2008).!Indeed,!there!is!increasing!data!to!support!the!involvement!of!oscillatory!processes!or!an!interplay!between!regions.!Pastötter,!Dreisbach!&!Bäuml!(2013)!found!that!left!parietal!theta!and!mid2central!beta!frequencies!related!to!attentional!control!were!higher!after!conflict2demanding!than!after!low2conflict!(incongruent)!trials!during!the!inter2trial!interval.!Interestingly,!these!were!found!during!the!inter2trial!period,!and!were!related!to!mid2frontal!theta!on!the!succeeding!trial!for!incongruent!trials,!with!mid2frontal!theta!power!positively!correlated!with!reaction!time.!In!an!elegant!exploration!of!task2switching!trial2to2trial!dynamics,!Mayr,!Kuhns!and!Rieter!(2012)!provide!complementary!eye2tracking!evidence!for!adjustments!in!control,!finding!that!eye!movements!to!distractors!in!trial!n21!predicted!more!target!eye!movements!in!trial!n.!Consistent!with!previous!behavioral!findings,!King,!Korb!&!Egner!(2012)!also!found!that!control!processing!can!occur!non2explicitly.!
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The!conflict!adaptation!and!expectancy!accounts!both!hinge!on!the!idea!that!prefrontal!cortex!acts!to!bias!activity!in!other!regions.!However,!fMRI!and!EEG!parardigms!are!limited!in!characterizing!shown!the!dynamics!between!the!two!regions,!with!the!majority!of!analyses!limited!to!correlations!of!absolute!activity!or!correlations!at!the!zero2lag!order.!In!the!next!section,!we!discuss!what!is!currently!known!about!the!functional!interactions!of!regions!important!for!controlling!attention,!and!how!we!can!use!the!event2related!optical!signal!to!better!characterize!the!dynamics!of!these!processes.!!
Fronto9parietal'network'connectivity'in'young'adults'Attention2demanding!situations!heavily!involve!frontal!and!parietal!regions,!or!“frontoparietal”!attention!networks,!so!called!due!to!their!frequently!observed!co2activation!(Corbetta!&!Shulman,!2002).!In!young!adults,!interactions!between!FPN2dependent!control!activity!and!sensory2motor!areas!have!been!shown!to!be!important!for!performance,!particularly!for!resolving!conflict!or!promoting!task2relevant!processing!in!the!presence!of!distraction!(Egner!&!Hirsch,!2005).!Functional!network!connectivity!is!most!often!assessed!by!computing!correlations!between!patterns!of!activity!in!distinct!areas!(for!a!review,!see!Rykhlevskaia,!Gratton!and!Fabiani,!2008).!These!analyses!are!typically!carried!out!on!functional!magnetic!resonance!imaging!(fMRI)!data!(Fox!et!al.,!2005;!Cohen!et!al.,!2008;!Smith!et!al.,!2009;!Bullmore!&!Sporns,!2009;!Gratton,!Nomura,!Perèz,!&!D’Esposito,!2012)!using!multivariate!or!seed2based!approaches!that!reveal!regional!patterns!of!synchronization.!Using!beta2series!correlation!analysis,!Rissman!and!colleagues!(2004)!showed!that!the!right!fusiform!face!area!showed!robust!correlations!with!prefrontal!and!parietal!regions!during!the!delay!period!of!encoding!face!stimuli,!albeit!overall!activation!in!frontal!and!parietal!regions!was!not!found!in!a!univariate!analysis.!
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Disruption!of!the!prefrontal!cortex!via!transcranial!magnetic!stimulation!(TMS,!Zanto,!Rubens,!Thangavel!&!Gazzaley,!2011)!confirmed!the!importance!of!prefrontal!cortical!activity!in!such!a!delayed2recognition!or!memory!task,!as!disrupting!the!inferior!frontal!junction!prior!to!the!task!reduced!modulation!of!posterior!visual!processing!areas!and!was!related!to!impaired!performance!in!the!working!memory!task.!These!findings!underscore!the!importance!of!studying!the!connectivity!between!regions,!and!stress!the!importance!of!high!resolution!spatiotemporal!analyses!to!identify!the!component!preparatory!processes.!!Although!very!useful!for!extracting!network!components,!the!slow2evolving!hemodynamic!signals!associated!with!fMRI2based!connectivity!analyses!limit!our!ability!to!identify!network!dynamics,!and!in!particular!the!order!of!activation!of!network!areas.!Electroencephalography2based!(EEG!and!event2related!brain!potential,!or!ERP)!techniques!can!better!characterize!the!millisecond2scale!unfolding!of!events!within!and!across!trials.!Source!localization!techniques!can!in!some!cases!identify!distinct!signal!generators!in!the!brain!and!thus!provide!a!way!to!examine!the!flow!of!information!between!areas,!such!as!the!proposed!frontal!to!posterior!cascade!of!attentional!control!processes.!Nonetheless,!some!details!about!the!areas!involved!are!likely!to!be!lost!due!to!EEG’s!limited!spatial!resolution.!Increasingly!more!studies!are!conducted!with!magnetoencephalography!(MEG;!de!Pasquale!et!al.,!2010),!which!possesses!a!temporal!resolution!similar!to!EEG,!but!a!better!spatial!resolution.!!MEG!findings!and!studies!that!integrate!fMRI!with!ERP!results!show!that!the!distribution!of!frontoparietal!activity!generally!proceeds!in!an!anterior!to!posterior!direction!(Brass,!Ullsperger,!Knoesche,!von!Cramon,!&!Phillips,!2005;!Perianez!et!al.,!2003),!but!other!studies!using!EEG!source!reconstruction!and!dynamic!causal!modeling!of!fMRI!data!have!observed!the!opposite!flow!of!activity!(Green!&!McDonald,!2008;!Wang!et!al.,!
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2010).!Similarly!to!EEG,!MEG!has!difficulty!measuring!independently!the!time!course!of!activity!in!adjacent!cortical!regions!(i.e.,!regions!located!less!than!a!few!cm!apart);!this,!as!well!as!its!high!cost!and!limited!access!constrain!functional!connectivity!research!with!MEG.!In!the!current!studies!we!employ!the!event2related!optical!signal!(EROS;!see!Gratton!&!Fabiani,!2010!for!a!review),!a!technique!that!combines!high!spatial!and!temporal!resolution,!to!identify!rapidly!oscillating!and!distinct!sources!of!cortical!activity.!!EROS!uses!near2infrared!light!to!detect!variations!in!the!optical!properties!of!neural!tissues!caused!by!neuronal!activity!(Foust!&!Rector,!2007;!Rector!et!al.,!1997,!2005)!and!is!thus!capable!of!localizing!activity!to!the!sub2centimeter!scale!and!with!a!temporal!resolution!of!less!than!50!milliseconds.!We!use!a!frequency2domain!method!as!this!technique!allows!us!to!measure!both!the!amount!of!light!that!diffuses!through!a!brain!region,!and!the!average!time!taken!by!photons!to!travel!between!sources!and!detectors.!Despite!its!high!spatiotemporal!resolution,!the!limitations!of!EROS!include!its!inability!to!detect!activity!from!deeper!sub2cortical!regions!and!its!relatively!low!signal2to2noise!ratio!(SNR).!In!addition!to!increasing!the!amount!of!trials!and!subjects,!one!way!to!address!the!SNR!issue!while!taking!advantage!of!the!spatiotemporal!properties!of!EROS!is!to!employ!lagged!cross2correlation!analyses!(see!Rykhlevskaia!et!al.,!2006).!Computations!between!time!series!are!conducted!separately!for!each!subject,!and!thus!increase!the!power!to!detect!rapidly!evolving!patterns!of!activity!with!onsets!that!may!vary!across!individuals.!This!approach!has!been!used!for!time!and!frequency!analyses!of!EEG!and!MEG!data!(Gevins!et!al.,!1983;!Bressler!1995;!Gross!et!al.,!2001).!!The!rich!spatio2temporal!information!provided!by!EROS!can!help!characterize!the!millisecond!progression!of!activity!across!regions,!and!thus!assess!functional!connectivity!at!a!high!spatiotemporal!resolution.!We!use!
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timing!information!in!the!form!of!lags!to!model!how!activity!in!one!area!may!precede!or!follow!activity!in!other!regions!(Rykhlevskaia,!Fabiani!&!Gratton,!2006).!To!test!the!predictions!of!prefrontal2directed!disengagement!and!engagement!of!task2specific!processes,!we!incorporated!the!seed2based!approach!from!fMRI!with!cross!correlations!across!a!range!of!time!lags.!!From!the!resulting!positive!and!negative!correlations,!we!can!infer!relative!increases!and!decreases!in!brain!activity.!!In!a!previous!study!with!young!adults!(Baniqued!et!al.,!2013),!we!investigated!switching!between!response!modalities,!where!cross2correlations!revealed!a!robust!association!between!an!early!parietal!switch!effect!and!a!subsequent!frontal!switch!effect,!confirming!the!functional!connectivity!of!these!two!regions.!More!interestingly,!our!results!revealed!distinct!fronto2parietal!networks!based!on!correlation!and!propagation!of!activity!from!the!frontal!seed,!with!network!topology!differing!according!to!switching!modality.!The!remarkable!finding!was!the!dynamic!nature!of!these!connections:!when!preparing!for!a!hand!response,!prefrontal!activity!became!negatively!coupled!with!verbal!regions!and!then!positively!coupled!with!the!hand!areas.!Conversely,!when!preparing!for!a!verbal!response,!prefrontal!regions!became!negatively!correlated!with!the!now!task2irrelevant!hand!motor!regions,!then!positively!correlated!with!the!now!relevant!verbal!preparation!regions.!These!results!underscore!that!flexible!network!dynamics!in!fronto2parietal!networks!are!critical!to!switching2related!control!of!attention.!!
Fronto9parietal'network'connectivity'in'older'adults'
! In!this!work,!we!employ!lagged!cross2correlation!analyses!in!addition!to!univariate!analyses!to!probe!preparatory!dynamics!in!older!adults.!Older!adults!show!selective!decline!of!frontal!cortices!(among!other!regions),!so!in!Experiment!1,!we!use!a!switching!
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paradigm!that!primarily!recruits!frontal!cortex!of!both!hemispheres!and!is!known!to!show!age2related!differences!both!in!behavioral!switch!costs!and!recruitment!of!frontal!regions!(Gratton!et!al.,!2009).!In!the!previous!study,!Gratton!and!colleagues!did!not!examine!functional!connectivity,!but!corpus!callosum!and!lateralization!effects!hinted!at!the!importance!of!functional!connections!for!performance.!!The!importance!of!connectivity!analyses!in!augmenting!univariate!analyses!is!demonstrated!further!in!a!study!by!Madden!and!colleagues!(2010)!that!found!no!age!differences!in!cue2related!switch!activation,!but!revealed!differences!in!connectivity!such!that!younger!adults!showed!greater!connectivity!between!switch2related!regions,!with!greater!connectivity!related!to!better!performance.!In!another!study,!Nagel!and!colleagues!(2011)!found!that!regardless!of!age!(consistent!with!the!GOLDEN!Aging!view),!individuals!who!displayed!greater!working!memory!performance!also!showed!greater!connectivity!between!left!PFC!and!left!premotor!cortex!with!increasing!load.!!The!importance!of!frontal!connectivity!is!unpacked!in!a!study!by!Rieckmann!et!al.!(2010)!which!found!reduced!anterior2to2posterior!connectivity!in!older!adults,!but!increased!fronto2frontal!connectivity!during!a!working!memory!task.!Moreover,!it!was!the!latter!that!related!to!better!performance!in!older!adults,!suggesting!increased!reliance!on!frontal!mechanisms!as!communication!with!parietal!cortex!declines!(Grady!et!al.,!2010).!The!same!group!also!conducted!a!psychophysiological!interaction!analysis!(PPI,!to!test!for!load2dependent!connectivity)!and!found!greater!within2PFC!connectivity!for!higher!than!for!lower!load!trials,!although!this!effect!was!only!present!for!older!and!not!young!adults.!Here!again!we!find!network!dynamics!that!only!differ!with!age,!but!vary!from!trial!to!trial!according!to!the!demands!of!the!task.!
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Structural'connectivity'and'age9related'differences'Function!is!necessarily!tied!to!the!structures!that!support!it,!so!it!is!to!be!expected!that!the!main!connections!between!regions!that!carry!out!the!important!control!processes!play!a!significant!role.!Many!studies!have!shown!that!white!matter,!particularly!those!that!connect!prefrontal!and!parietal!regions,!account!for!a!significant!portion!of!the!variance!in!the!relationship!between!brain!activity!and!performance!on!attention2demanding!tasks!(Gratton!et!al.,!2009,!Burzynska,!et!al.,!2011).!Age!is!accompanied!by!changes!in!brain!structure,!with!reductions!in!gray!matter!(Gordon!et!al.,!2008;!Davatzikos!&!Resnick,!2002;!Raz,!Gunning2Dixon,!Head,!Dupuis,!&!Acker,!1998)!and!white!matter!such!as!changes!in!diffusivity,!hyperintensities!and!reduction!in!volume!(Raz!et!al.,!2005).!We!have!also!seen!evidence!that!cortical!“disconnection”!accompanies!age2related!cognitive!decline!(Sullivan!et!al.,!2001),!although!not!all!studies!show!the!relationship!between!structural!and!functional!interactions!(Madden!et!al.,!2010).!This!may!be!due!to!the!non2uniform!pattern!of!degeneration!and!the!importance!of!particular!regions!for!the!task!being!studied.!An!anterior2posterior!gradient!of!change!is!usually!observed,!with!greater!decline!in!frontal!regions!(Burzynska!et!al.,!2010).!In!a!study!that!aimed!to!examine!the!importance!of!white!matter!connectivity!to!the!ability!to!efficiently!switch!tasks,!anterior!corpus!callosum!(CC)!volume!predicted!switching!costs!in!an!attention2demanding!task!that!primarily!recruits!processes!in!opposite!hemispheres!of!the!frontal!cortex!(Gratton!et!al.,!2009).!Smaller!CCs!predicted!greater!switch!costs!and!reduced!lateralization!of!task2specific!switching!processes.!This!was!evident!in!switching2to2spatial!condition,!where!older!adults!showed!specific!impairments.!Task2general!and!meaning2specific!switching!activity!were!localized!to!the!
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left!middle!frontal!gyrus!(MFG),!while!spatial2specific!activity!to!right!MFG.!While!both!young!and!old!adults!displayed!the!task2general!and!task2specific!activation!of!left!MFG,!only!young!adults!displayed!right!MFG!for!the!switch2to2position!condition.!Older!adults,!particularly!those!with!small!CC,!recruited!the!left!MFG!instead,!suggesting!that!the!control!signal!in!left!MFG!may!not!have!been!able!to!adequately!communicate!to!the!position2specialized!right!MFG.!In!summary,!research!suggests!that!connectivity!between!brain!regions!is!important!for!performance!on!control2demanding!tasks,!likely!by!enabling!communication!between!regions!to!transfer!information!quickly!and!as!such!reduce!switch!costs!(consistent!with!the!processing!speed!theory),!or!to!promote!synergistic!or!cross2inhibitory!processing.!This!dissertation!aims!to!fill!in!some!of!these!gaps!in!our!understanding!of!aging!and!cognitive!control!by!examining!connectivity!dynamics!using!the!high!spatial!and!temporal!resolution!of!the!event2related!optical!signal!(EROS).!In!this!work,!EROS!recordings!are!supplemented!by!acquisition!of!magnetic!resonance!imaging!(MRI)!and!event2related!potentials!(ERPs),!which!all!together!enable!a!more!comprehensive!view!of!brain!dynamics.!!
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CHAPTER'2'
FRONTO9PARIETAL'TASK'SWITCHING'DYNAMICS'IN'MIDDLE9TO9OLDER'AGE'
!
Abstract'! Control2demanding!tasks!rely!on!communication!among!regions!of!the!frontoparietal!network,!areas!that!undergo!significant!age2related!decline.!Here!we!integrate!data!from!brain!structure,!event2related!potentials!(ERPs)!and!event2related!optical!signals!(EROS)!to!better!characterize!preparatory!control!dynamics!in!middle!to!old!age.!Older!adults!completed!a!task!that!required!switching!between!processes!that!primarily!recruit!opposite!prefrontal!cortex!hemispheres!and!thus!involve!the!corpus!callosum!(CC;!Gratton!et!al.,!JoCN,!2009).!Participants!were!split!into!young2old!(YO;!55267!yrs)!and!old2old!(OO;!68285!yrs),!and!large2!and!small2CC!groups.!Larger!anterior!CCs!significantly!predicted!smaller!switch!costs,!but!only!in!the!YO!group.!Switch!trials!resulted!in!greater!negativity!over!F3!in!the!YO!group,!paralleling!their!smaller!behavioral!switch!costs.!This!frontal!negativity!was!accompanied!by!switch2related!EROS!activation!in!left!middle!frontal!gyrus!(MFG).!Importantly,!MFG2seeded!lagged!cross2correlations!revealed!task2dependent!coupling:!MFG!activation!predicted!up2regulation!in!left!inferior!frontal!and!parietal!areas!for!the!meaning!task,!and!in!right!dorsal!frontal!regions!for!the!position!task.!In!the!right2hemisphere!dependent!position!task,!greater!coupling!of!left!MFG!to!right!MFG!was!predicted!by!greater!CC!volume.!Together!these!results!suggest!that!a!strong!structural!connection!is!critical!to!overcome!the!demands!of!shifting!processing!across!hemispheres,!and!that!difficulties!engaging!such!control!dynamics!may!lead!to!sub2optimal!preparation!strategies.!!
' '
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Introduction!When!attention!must!be!flexibly!and!unpredictably!re2allocated!from!one!task!to!another!such!as!in!switching!paradigms,!efficient!performance!as!reflected!in!smaller!reaction!time!switch!costs!is!typically!accompanied!by!increased!activation!in!frontal!and!parietal!cortices!(Meiran!1996;!Sohn,!Ursu,!Anderson,!Stenger,!&!Carter,!2000;!Hopfinger,!Buonocore,!&!Mangun,!2000;!DiGirolamo!et!al.,!2000;!Wylie!et!al.,!2004;!Liston,!Matalon,!Hare,!Davidson!&!Casey,!2006;!Karayanidis!et!al.,!2010;!Kim,!Cilles,!Johnson!&!Gold,!2011).!These!regions,!coined!the!“fronto2parietal!network”!(FPN)!due!to!their!frequent!co2activation,!are!consistently!involved!in!a!wide!array!of!tasks!that!demand!control!of!attention!(Gilbert!&!Shallice,!2002;!Mesulam,!1990;!Posner!&!Petersen,!1990)!and!are!thus!thought!to!direct!up2regulation!of!task2appropriate!processes!(Miller!&!Cohen,!2001;!Corbetta!&!Shulman,!2002;!Brass,!Ullsperger,!Knoesche,!von!Cramon!&!Philips,!2005).!!Cognitive!functions!such!as!attentional!control!(Greenwood!and!Parasuraman,!1997;!Fabiani,!2002;!Kramer!et!al.,!2006;!Madden!et!al.,!2005;!Madden,!2007)!and!FPN!regions!undergo!significant!age2related!decline,!with!reductions!in!gray!matter!(Gordon!et!al.,!2008;!Davatzikos!&!Resnick,!2002;!Raz,!Gunning2Dixon,!Head,!Dupuis,!&!Acker,!1998)!and!pronounced!changes!in!white!matter!(Gunning2Dixon!et!al.,!2009;!Guttman!et!al.,!2000;!Courchesne!et!al.,!2000!and!Raz!et!al.,!2005).!Nonetheless,!while!normal!aging!is!characterized!by!broad!changes!in!brain!function,!the!degree!to!which!an!individual!manifests!behavioral!changes!is!strongly!associated!not!only!with!chronological!age!per!se,!but!also!with!a!variety!of!factors!including!differences!in!educational!level,!lifestyle,!and!the!health!of!brain!structures!(Stern,!2002;!Fabiani,!2012).!
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Various!measures!of!white!matter!health,!particularly!those!of!tracts!that!connect!prefrontal!and!parietal!regions,!are!significantly!associated!with!brain!activity!and!performance!in!switching,!working!memory!and!other!attentional!control!paradigms!(Gratton!et!al.,!2009;!Madden!et!al.,!2010;!Gold!et!al.,!2010;!Burzynska,!et!al.,!2011;!Jolly!et!al.,!In!Preparation).!!Decline!in!these!functions!is!often!accompanied!by!age2related!cortical!“disconnection”!as!manifested!in!reduced!white!matter!integrity!or!smaller!white!matter!volume!(Gunning2Dixon!et!al.,!2008;!Sullivan!et!al.,!2001).!It!is!important!to!note,!however,!that!not!all!studies!find!a!synergistic!relationship!between!structural!and!functional!connections!(Madden!et!al.,!2010).!These!mixed!findings!may!in!part!be!due!to!the!non2uniform!pattern!of!degeneration!across!the!brain!and!the!relative!importance!of!particular!regions!for!chosen!task!paradigms.!An!anterior2posterior!gradient!of!change!is!commonly!observed!when!examining!white!matter!integrity!in!aging,!with!greater!decline!in!frontal!regions!(Head!et!al.,!2004;!Bennett!et!al.,!2010;!Burzynska!et!al.,!2010).!The!volume!of!the!anterior!portion!of!the!corpus!callosum!(CC),!for!example,!predicted!switch!costs!in!a!paradigm!that!primarily!recruited!opposite!frontal!hemispheres!(Gratton!et!al.,!2009),!with!smaller!CCs!showing!greater!switch!costs!and!reduced!lateralization!of!task2specific!processes.!In!young!adults,!early2onset!task2general!and!later2onset!meaning2specific!switching!activity!were!localized!to!the!left!middle!frontal!gyrus!(MFG),!while!later2onset!spatial2specific!activity!was!localized!to!the!right!MFG.!Older!adults,!particularly!those!with!small!CC,!recruited!the!left!MFG!instead!for!the!position!task,!suggesting!that!the!general!control!signal!in!left!MFG!may!not!been!adequately!relayed!to!the!position2specialized!right!MFG.!The!functional!relationship!between!such!task2general!and!task2specific!processes,!however,!was!not!analyzed!in!the!previous!study.!In!the!current!study,!we!examine!these!
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interactions!in!time!and!integrate!these!functional!connectivity!findings!with!CC!structural!connectivity.!We!also!investigate!this!within!a!bigger!sample!of!older!adults,!and!with!greater!coverage!of!brain!areas!including!parietal!regions!known!to!support!control!of!attention.!!To!analyze!the!functional!interaction!between!areas,!we!employ!the!event2related!optical!signal!(EROS;!see!Gratton!&!Fabiani,!2010!for!a!review),!which!uses!near2infrared!light!to!measure!neural2related!changes!in!the!light!scattering!properties!of!brain!tissue!(Foust!&!Rector,!2007;!Rector!et!al.,!1997,!2005).!As!EROS!directly!measures!neural!activity,!its!centimeter2scale!spatial!resolution!and!millisecond2scale!temporal!resolution!allow!for!a!more!comprehensive!view!of!brain!dynamics!during!the!preparatory!period.!In!addition,!we!used!lagged!cross2correlations!to!investigate!not!only!how!activity!in!disparate!areas!are!synchronized!with!each!other,!but!also!how!activity!in!one!seed!region!may!be!systematically!related!to!activity!in!another!area!at!a!later!interval.!Correlations!between!time!series!are!conducted!on!an!individual!basis!and!thus!rely!less!on!activity!occurring!within!similar!narrow!intervals!across!subjects.!Thus,!this!analysis!has!greater!power!to!detect!patterns!of!activity!that!oscillate!rapidly!and!whose!onsets!may!differ!across!participants.!Although!not!a!new!approach!for!analyzing!electrophysiological!data!(Gevins!et!al.,!1983;!Bressler!1995;!Gross!et!al.,!2001),!this!approach!has!been!relatively!underused!for!neuroimaging!methods!with!higher!spatial!resolution!such!as!magnetic!resonance!imaging,!perhaps!due!to!the!challenges!posed!by!the!slower2evolving!hemodynamic!response.!More!recent!analyses!using!event2related!optical!methods!have!begun!to!incorporate!this!method!with!promising!results—such!as!in!confirming!the!
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coupling!of!frontal!and!parietal!regions!and!how!such!FPN!activity!predicts!specific!cognitive!task!states!(Baniqued!et!al.,!2013;!Walker!et!al.,!2014;!Mathewson!et!al.,!2014).!!In!a!previous!task2switching!experiment!with!young!adults!(Baniqued!et!al.,!2013),!EROS!cross2correlations!showed!that!cue2locked!MFG!activity!first!predicted!down2regulation!in!task2irrelevant!sensorimotor!areas!followed!by!up2regulation!in!task2relevant!sensorimotor!areas.!These!results!not!only!mirrored!overall!activation!findings!of!early!activation!in!MFG!and!then!later!activation!in!sensorimotor!regions—but!they!also!demonstrated!their!sub2second2scale!functional!relationship!and!thus!provided!a!window!into!the!rapid!dynamics!of!switching.!Due!to!the!easier!nature!of!the!task!however,!there!was!inadequate!variance!to!examine!the!relationship!between!connectivity!and!performance.!In!the!current!experiment,!we!capitalize!on!the!increased!variability!!in!both!performance!and!brain!function!observed!in!an!aging!population!to!better!probe!brain2behavior!relationships.!The!relationship!between!brain!functional!connectivity!and!behavior!is!not!straightforward,!especially!in!the!context!of!aging.!In!a!working!memory!task,!Rieckmann!et!al.!(2010)!found!reduced!anterior2to2posterior!connectivity!in!older!adults,!but!increased!fronto2frontal!connectivity.!The!latter!was!predictive!of!better!performance!in!older!adults,!supporting!theories!about!increased!reliance!on!frontal!mechanisms!as!communication!with!parietal!cortex!declines!with!age!(Grady!et!al.,!2010).!Moreover,!they!found!that!within2PFC!connectivity!increased!for!high!compared!to!low!load!trials.!This!study!is!one!of!many!(Fabiani!&!Friedman,!1995;!Hasher!&!Zacks,!1988;!Davis!et!al.,!2008;!Grady,!2008;!Gratton!et!al.,!2009;!Nagel!et!al.,!2011;!for!a!review!see!Fabiani,!2012)!that!underscores!the!continued!importance!of!frontal!regions,!and!more!importantly,!shows!that!frontal!network!
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dynamics!varies!with!task!demands.!The!current!study!aims!to!show!not!only!the!flexible!nature!of!these!couplings,!but!also!the!timing!at!which!these!connections!occur.!We!employ!electrophysiological!recording!(ERPs)!to!provide!converging!information!regarding!the!timing!of!preparatory!processes!and!their!consequences!for!behavior.!Cue2switch,!task2switch!and!target2related!processes!are!relatively!separable!in!ERP!paradigms,!with!task!switching!components!dominating!at!longer!preparatory!intervals!between!cue!and!target!stimulus!(Jost,!Mayr,!Rösler,!2008;!Travers!&!West,!2008;!Karayanidis,!Coltheart,!Michie!&!Murphy,!2003;!Nicholson,!Karayanidis,!Bumak,!Poboka!&!Michie,!2006;!Kieffaber!&!Hetrick,!2005;!Swainson!et!al.,!2003).!In!cued!task!paradigms,!switching!effects!are!primarily!observed!around!3002500!ms!post2cue!in!frontal!and!parietal!electrodes,!with!frontal!negativity!for!switch!trials!(Baniqued!et!al.,!2013;!Mueller,!Swainson,!Jackson,!2007)!in!young!adults,!and!modulations!of!the!P3!component!related!to!task!updating.!Specifically,!aging!studies!find!latency!differences!and!frontal!shifts!in!the!topography!of!the!P3!(Adrover2Roig!&!Barcelo,!2010;!West!&!Travers,!2008;!West,!2004;!Kray,!Eppinger,!Mecklinger,!2005;!Friedman!et!al.,!2007;!Hillman,!Kramer,!Belopolsky!&!Smith,!2006),!as!well!as!modulations!of!slow!frontal!negative!potentials!(Kray,!Eppinger!&!Mecklinger,!2005)!in!old!but!not!young!adults,!complementing!fMRI!findings!of!increased!frontal!recruitment!in!older!age.!Spatial!stroop!ERP!data!from!Gratton!and!colleagues!(2009,!unpublished!data)!find!the!greatest!switch!effects!in!frontal!electrodes,!with!young!adults!showing!greater!negativity!for!switch!compared!to!repeat!trials,!and!older!adults!showing!the!reverse!pattern.!In!the!current!experiment,!concurrently!recorded!ERPs!provide!insight!into!when!brain!activity!significantly!diverges!across!conditions,!and!further!confirmation!of!the!spatio2temporal!dynamics!observed!with!EROS.!
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In!summary,!there!is!strong!evidence!to!support!that!connectivity!between!brain!regions!of!the!frontoparietal!network!is!important!to!performance!in!control2demanding!situations,!likely!by!enabling!communication!between!regions!to!transfer!information!quickly!and!as!such!reduce!switch!costs.!However,!no!studies!to!our!knowledge!have!examined!the!timing!and!flexible!nature!of!these!functional!interactions!and!integrated!these!dynamics!with!measures!of!structural!connectivity.!To!address!this!in!this!experiment,!we!use!the!spatial!Stroop!paradigm!given!its!previously!documented!reliance!on!frontal!activation!and!structure!(Gratton!et!al.,!2009;!Smith,!Jonides!&!Koeppe,!1996).!In!addition!to!replicating!previous!findings!of!task2general!switch!activation!in!left!MFG!and!lateralized!switch!activity!for!the!meaning!and!position!tasks,!the!current!experiment!will!use!converging!methods!of!structural!MRI,!ERPs!and!EROS!to!shed!light!on!the!following!questions:!1)!After!taking!age!into!account,!will!greater!anterior!corpus!callosum!volume!predict!smaller!switch!costs?!2)!After!taking!age!into!account,!will!greater!switch2related!modulation!of!frontal!cortex!predict!smaller!switch!costs?!3)!Does!frontal!activation!early!in!the!preparatory!period!relate!to!later!task2specific!preparatory!up2regulation?!4)!Does!greater!anterior!corpus!callosum!volume!translate!into!greater!functional!connectivity!between!frontal!hemispheres,!and!5)!Does!greater!activation!and!connectivity!jointly!or!uniquely!predict!smaller!switching!costs?!!!
' '
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Methods'Participants!Forty2five!right2handed!adults!aged!55287!(23!female)!participated!in!a!multi2session!study!and!received!compensation!of!$10/hr!(see!Zimmerman!et!al.,!2014!and!Fabiani!et!al.,!2014!for!data!published!from!this!same!cohort).!Selection!criteria!consisted!of!the!following:!1)!no!serious!or!chronic!medical!or!psychological!conditions,!2)!no!history!of!drug!abuse,!3)!no!signs!of!dementia!as!reflected!in!a!score!of!at!least!51!on!the!modified!Mini2Mental!Status!examination!(Mayeux!et!al.,!1981),!4)!no!signs!of!depression!as!indexed!by!a!score!of!less!than!14!on!the!Beck!Depression!Inventory!(Beck!et!al.,!1996),!5)!no!habitual!consumption!of!alcohol!or!cigarette,!or!at!least!of!no!more!than!2!alcoholic!drinks!per!day!and/or!half!a!pack!of!cigarettes!per!day,!and!6)!normal!or!corrected2to2normal!vision!and!7)!being!a!native!English!speaker.!!In!all!analyses!related!to!the!spatial!Stroop!task,!participants!were!excluded!if!they!missed!more!than!50!trials!overall!(n=3),!or!scored!less!than!66%!on!any!condition!(n=7,!2!due!to!unrecorded!responses!from!one!hand).!Summary!demographics!from!remaining!participants!are!presented!in!Table!2.1.!Due!to!technical!difficulties!in!data!acquisition,!two!additional!subjects!were!excluded!from!EEG!analysis.!Participants!had!normal!or!corrected2to2normal!vision!and!signed!informed!consent.!The!University!of!Illinois!Institutional!Review!Board!approved!all!procedures!used!in!the!study.!Spatial!Stroop!Task!
' While!undergoing!concurrent!EROS2ERP!recording,!participants!completed!the!spatial!Stroop!paradigm!(Figure!2.1),!which!required!them!to!respond!to!either!the!meaning!or!position!of!a!word.!Participants!were!positioned!81!cm!from!the!screen.!At!the!
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beginning!of!each!trial,!a!letter!cue!was!displayed!for!500!ms!on!either!side!of!fixation!and!indicated!the!task!for!that!trial:!the!letter!M!for!the!meaning!task,!or!the!letter!P!for!the!position!task.!Cues!subtended!a!visual!angle!of!0.71°!horizontally!and!0.85°!vertically,!while!the!fixation!cross!subtended!a!visual!angle!of!0.71°.!After!a!15002ms!interval,!participants!responded!to!the!reaction!stimulus,!which!was!the!word!“above”!or!“below”!positioned!above!or!below!fixation!for!200!ms.!The!reaction!stimulus!was!either!congruent,!such!as!the!word!“below”!positioned!below!the!fixation!cross,!or!incongruent,!such!as!the!word!“below”!positioned!above!fixation.!The!reaction!stimulus!subtended!a!visual!angle!of!3.89°!horizontally!and!1.27°!vertically.!Participants!responded!by!pressing!a!button!with!their!left!or!right!hand,!with!one!button!representing!“above”!and!the!other!“below.”!They!were!told!to!respond!as!quickly!and!as!accurately!as!possible.!Hand!assignment!was!counterbalanced!across!subjects!and!consistent!within!subject.!The!eight!main!trial!types!(combinations!of!task,!switch,!congruency!and!hand!to!be!used!to!respond)!occurred!equiprobably!and!randomly!within!a!block,!with!switch!or!repeat!trials!determined!randomly.!The!inter2trial!interval!was!1600!ms!and!participants!completed!20!blocks!of!40!trials!each.!! Prior!to!EROS2ERP!recording,!participants!completed!a!practice!session!that!consisted!of!a!brief!introduction!to!the!spatial!Stroop!stimuli!and!responses,!eight!meaning2only!trials,!eight!position2only!trials,!16!mixed!meaning!and!position!trials!with!a!response!window!2002ms!longer!than!the!experimental!parameters,!and!another!16!mixed!trials!with!the!experimental!parameters.!During!the!aforementioned!trials,!feedback!was!issued!at!the!end!of!each!trial.!Participants!then!completed!a!402trial!practice!block!using!the!
! 28!
experimental!parameters!and!without!feedback!for!each!trial.!The!last!practice!block!was!repeated!if!mean!accuracy!fell!below!80%.!!Mean!accuracy!scores!(proportion!correct)!were!computed!and!median!reaction!times!for!correct!trials!were!analyzed!to!reduce!the!influence!of!within2participant!outliers.!To!integrate!accuracy!and!RT!measures,!we!also!computed!“inverse!efficiency!scores”!(IES)!by!dividing!each!subject’s!median!RT!by!mean!accuracy!(Townsend!&!Ashby!1983;!Bruyer!&!Brysbaert,!2011).!Structural!MRI!Acquisition!Corpus!callosum!volume!was!obtained!from!high2resolution!T12weighted!MPRAGE!(Magnetization!Prepared!Rapid!Gradient!Echo)!images!acquired!on!a!3!Tesla!Siemens!Trio!MR!Scanner!using!a!standard!body!coil!transmission!and!a!122channel!head!array!receive!coil.!The!MPRAGE!was!acquired!with!the!following!parameters:!phase!encoding!direction!=!anterior!to!posterior;!voxel!size!=!0.9!x!0.9!x!0.9!mm;!TR!=!1900!ms,!TI!=!900!ms,!TE!=!2.32!ms,!field!of!view!=!230!x!230!x!172.8!mm3!(sagittal),!flip!angle!=!9°.!!To!extract!corpus!callosum!volumes,!we!used!Freesurfer!5.0!(Dale!et!al.,!1999),!which!performs!automated!and!probabilistic2based!segmentation!of!cortical!and!subcortical!matter!(Fischl!et!al.,!2002;!2004a;!2004b;!Desikan!et!al.,!2006).!Segmentation!was!inspected!by!three!trained!individuals!and!corrected!accordingly!(http://surfer.nmr.mgh.harvard.edu!/fswiki/!FsTutorial/!TroubleshootingData).!Intracranial!volume!was!used!to!normalize!callosum!measures!(Jack!et!al.,!1989;!Buckner!et!al.,!2004).!Freesurfer’s!automated!segmentation!included!dividing!the!corpus!callosum!into!five!segments!(Figure!2.2):!the!first!two!segments!were!combined!to!yield!an!estimate!of!anterior!corpus!callosum!size,!comparable!to!the!anterior!CC!measure!derived!in!Gratton!et!
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al.,!2009.!Age!was!negatively!correlated!with!anterior!CC!volume!(r=2.595,!p<.001).!To!analyze!CC!volume!effects!we!conducted!a!stratified!analysis!by!assigning!participants!to!large2!or!small2CC!groups!within!their!age!group!(Table!2.1).!!!!Electrical!Recording!
' EEG!was!recorded!using!Ag/AgCl!electrodes!positioned!approximately!at!F3,!F4,!C3,!C4,!P3,!P4,!OZ!in!the!10/20!system.!Electrodes!were!referenced!online!to!the!left!mastoid,!and!re2referenced!offline!to!the!average!of!the!left!and!right!mastoids,!with!a!ground!electrode!positioned!on!the!lower!middle!forehead.!Electrodes!were!positioned!above!and!below!the!right!eye!and!at!the!outer!canthus!of!each!eye!to!monitor!eye!vertical!and!horizontal!eye!movements,!as!well!as!on!the!left!and!right!inner!wrists!to!collect!electrocardiography!data!(EKG).!Data!were!obtained!with!a!sampling!rate!of!200!Hz!and!bandpass2filtered!online!at!.10!to!30!Hz.!!EEG!data!were!processed!with!EEGLAB!11.0.4.3!(Delorme!&!Makeig,!2004)!and!ERPLAB!!2.0.0.1!(Lopez2Calderon!&!Luck,!2014).!Offline!preprocessing!involved!segmenting!data!into!8002ms!epochs!time2locked!to!pre2cue!onset,!with!baseline2correction!using!200!ms!prior!to!the!pre2cue.!Artifacts!due!to!saturation!or!electrode!displacement!were!identified!by!epochs!with!voltage!changes!larger!than!500!μV!and!consequently!discarded!from!analyses.!Ocular!artifact!correction!was!performed!using!regression!procedures!described!in!Gratton,!Coles,!and!Donchin!(1983).!To!further!minimize!the!effect!of!artifacts,!epochs!with!voltage!changes!greater!than!150!μV!after!eye2movement!correction!were!also!discarded!from!analysis.!Data!for!correct!trials!were!averaged!for!each!subject,!condition,!and!electrode.!Outliers!were!defined!by!participants!with!mean!amplitude!values!more!than!3!standard!deviations!from!the!mean.!Using!this!
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procedure,!one!subject!with!extreme!values!in!F3,!F4,!C3!and!C4,!and!another!subject!with!extreme!values!in!P3!and!P4!!were!discarded!from!analyses.!!Analyses!were!conducted!on!the!P3!component!(3002500!ms)!and!on!mean!amplitude!measures!obtained!from!502ms!intervals!during!this!period,!during!which!switch2related!frontal!negativity!effects!have!previously!been!found!(Baniqued!et!al.,!2013;!Gratton!et!al.,!2009!and!unpublished!ERP!data).!These!502ms!intervals!were!used!to!correlate!ERP!effects!with!EROS!and!behavioral!measures.!!Optical!Recording!Concurrent!with!behavioral!and!EEG!data!acquisition,!we!recorded!brain!activity!using!two!Imagent®!frequency!domain!systems!(ISS!Inc.,!Champaign,!IL)!that!together!afforded!a!total!of!24!detectors.!These!detectors!were!32mm!fiber!optic!bundles!connected!to!photomultiplier!tubes,!and!measured!activity!from!64!laser!diodes!that!were!4002μm!in!diameter!and!channeled!near!infrared!light!(830!nm)!modulated!at!110!MHz,!with!a!cross2correlation!(i.e.,!heterodyning)!frequency!of!3.125!kHz.!!!This!allowed!for!recording!data!using!a!50!kHz!A/D!conversion.!Measures!of!DC!(average)!intensity,!AC!(amplitude)!and!relative!phase!delay!(in!picoseconds)!were!obtained!for!each!of!these!periods!by!applying!Fast!Fourier!transforms!applied!to!small!segment!(1.6!ms!per!channel)!of!raw!optical!data.!!As!data!were!time2multiplexed!across!16!channels!for!each!detector,!useful!optical!data!were!recorded!continuously!with!an!effective!sampling!rate!of!39.!0625!Hz.!A!customized!motorcycle!helmet!was!used!to!secure!all!sources!and!detectors!fibers!on!a!participant’s!head.!The!configuration!of!sources!and!detectors!was!designed!to!maximize!coverage!of!cortex,!with!all!source2detector!distances!falling!between!2.0!and!6.0!cm.!To!avoid!cross2talk!between!channels,!no!two!sources!were!simultaneously!active!
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within!6.0!cm!of!the!same!detector.!!!The!source2detector!montage!was!designed!so!that!most!channels!had!source2detector!distances!ranging!between!!15!and!60!mm,!since!shorter!channels!measure!light!that!has!not!penetrated!cortex,!whereas!longer!channels!result!in!less!light!measured!and!thus!less!reliable!optical!signals!(Gratton!et!al.,!2000).!After!the!imaging!session,!each!source!and!detector!location!was!digitized!in!relation!to!the!nasion!and!fiducial!preauricular!points!using!a!Polhemus!“3Space”™!Fasttrak!3D!digitizer!(Colchester,!VT)!with!an!extended!stylus!and!Locator!4.1!software!(Source!Signal!Imaging!Inc.,!San!Diego,!CA).!MPRAGE!scans!and!fiducial!markers!were!used!to!co2register!the!digitized!optical!channels.!Data!then!underwent!standard!Talairach!transformation!(Whalen!et!al.,!2008;!Chiarelli!etc!al.,!2014)!and!scalp2forcing!prior!to!further!analysis.!Only!data!from!channels!with!source2detector!distances!between!15!and!60!mm!were!analyzed.!! This!paper!covers!phase!delay!(time2of2flight)!measures!recorded!from!cue!onset!to!1000!ms!after!cue!onset.!Data!underwent!correction!for!phase!wrapping!and!pulse!artifacts!(Gratton!&!Corballis,!1995),!adjusted!to!a!mean!of!zero!for!each!block,!and!bandpass2filtered!between!0.10!and!10!Hz.!Correct!trial!data!were!segmented!into!epochs!time2locked!to!cue!onset,!and!averaged!separately!for!each!subject,!condition!and!channel.!Optical!data!were!baseline2corrected!using!a!102.42ms!period!(4!sampling!point)!preceding!the!cue.!Only!channels!with!phase!standard!deviation!less!than!100!picoseconds!were!included!in!the!analysis!(Gratton,!et!al.,!2006).!In2house!software!“Opt23d”!(Gratton,!2000)!was!used!to!compute!statistics!and!combine!data!from!channels!whose!diffusion!paths!intersected!a!given!voxel!(Wolf!et!al.,!2000).!Data!were!spatially!filtered!with!an!82mm!Gaussian!kernel.!To!compute!statistical!maps,!group2level!t2statistics!were!derived!across!
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subjects!and!then!converted!into!z2scores,!with!appropriate!correction!for!multiple!comparisons!using!random!field!theory!(Kiebel!et!al.,!1999).!Z2scores!were!orthogonally!projected!onto!axial,!sagittal!and!coronal!surfaces!of!a!brain!in!Talairach!space.!Statistical!significance!was!evaluated!by!effects!with!p<.05!(corresponding!to!critical!Z!value!–!Z!crit!–!in!the!tables)!adjusted!for!multiple!comparisons.!ROI!coordinates!are!reported!in!Table!2.2.!Cross2correlation!analyses'! We!used!lagged!cross2correlations!to!examine!the!relationship!between!early!switch2related!activation!in!the!left!MFG!and!subsequent!task2specific!activation!(for!detailed!methods!see!Rykhlevskaia!et!al.,!2006;!for!similar!analyses!see!Baniqued!et!al.,!2013;!Mathewson!et!al.,!2014).!For!each!subject,!we!took!the!time!course!of!activity!in!the!voxel!of!peak!switch!activation!in!left!MFG!and!correlated!this!with!the!time!series!of!each!remaining!voxel!across!the!brain!(voxels!from!surface!projection).!To!determine!the!areas!that!commonly!and!differentially!respond!to!the!nature!of!switching!required,!we!used!the!time!course!of!the!switch!effect!(difference!in!activity!between!switch!and!repeat)!and!extracted!the!6002ms!segment!corresponding!to!an!interval!ranging!between!200!to!800!ms!after!cue!presentation.!Correlations!were!computed!separately!for!the!meaning!and!position!switch!effect,!and!at!15!lags!separated!by!25.6!ms!intervals!(0!to!358!ms)!to!identify!not!only!regions!that!were!systematically!activated!with!the!seed!region,!but!also!those!that!were!consistently!activated!after!a!specific!lag.!Since!this!analysis!does!not!rely!on!localized!activity!occurring!at!exact!or!narrow!intervals!across!subjects,!it!can!better!reveal!common!patterns!of!activation!across!subjects.!The!cross2correlation!!maps!were!then!derived!by!first!subjecting!individual!correlation!coefficients!to!a!Fisher!r2to2z!transformation,!computing!group!t2statistics,!and!converting!these!to!z2scores.!These!steps!
! 33!
were!conducted!for!each!lag!independently.!The!final!statistics!were!evaluated!separately!for!each!ROI,!and!corrected!for!multiple!comparisons!within!each!ROI!using!previously!described!random!field!theory!techniques!(Worsley!&!Friston,!1995;!Kiebel!et!al.,!1999).!Statistically!significant!cross2correlation!peaks!were!then!identified!when!the!peak!z!score!exceeded!the!criterion!z!value!corresponding!to!!!p<.05,!adjusted!for!multiple!comparisons. 
! !
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Results'Behavior!! Spatial!Stroop!data!were!examined!with!a!repeated2measures!ANOVA!with!task![meaning,!position],!switch![switch,!repeat])!and!congruency![incongruent,!congruent]!as!within2subject!factors,!and!age!group!and!CC!group!as!between2subject!factors.!Data!were!collapsed!across!response!sides!(left/right)!to!increase!power!in!detecting!differences!in!our!conditions!of!interest.!Separate!tests!were!conducted!for!accuracy,!median!RT!and!accuracy2adjusted!RT!(IES2RT).!Overall,!the!behavioral!effects!(Table!2.3;!Figure!2.3)!mirrored!the!results!of!Gratton!et!al.,!2009,!with!main!effects!of!task,!switch!and!congruency.!Age!group!effects!were!observed!in!all!measures,!while!CC!group!effects!were!observed!in!accuracy!and!IES!RT.!
Accuracy.'For!mean!accuracy!we!found!significant!main!effects!of!task!F(1,!31)=19.484,!p<.001,!ηp2=.386,!!switch!F(1,!31)=29.756,!p<.001,!ηp2=.490,!and!congruency!
F(1,!31)=115.693,!p<.001!ηp2=.789.!Similar!to!previous!findings,!responses!were!more!accurate!for!position,!repeat!and!congruent!trials.!There!were!significant!two2way!interactions!of!task!and!congruency!F(1,!38)=16.066,!p<.001,!ηp2=.341,!with!greater!congruency!effects!for!position!trials,!and!switch!and!congruency!F(1,!31)=12.265,!p=.001,!
ηp2=.283,!with!greater!switch!effects!for!incongruent!trials.!!There!was!also!a!significant!three2way!interaction!of!switch,!age!group!and!CC!group!
F(1,!31)=12.627,!p=.001,!ηp2=.289,!with!greater!switch!accuracy!overall!for!young!adults!and!especially!those!with!larger!CC!(Figure!2.3a).!No!other!significant!effects!were!found,!but!there!were!marginal!interactions!of!task!and!age!F(1,!31)=3.430,!p=.074,!ηp2=.100,!as!
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well!as!a!marginal!four2way!interaction!of!task,!switch,!age!and!CC!F(1,!31)=3.224,!p=.082,!
ηp2=.094.!
Reaction'Time.'Median!RTs!revealed!main!effects!of!switch!F(1,!31)=21.933,!
p<.001,!ηp2=.414,!and!congruency!only!F(1,!31)=95.497,!p<.001,!ηp2=.755;!RTs!were!longer!for!switch!and!incongruent!trials.!There!was!a!significant!two2way!interaction!of!task!and!congruency!F(1,!31)=10.771,!p=.003,!ηp2=.258,!a!three2way!interaction!of!task,!congruency!and!age!F(1,!31)=5.810,!p=.022,!ηp2=.158,!and!a!four2way!interaction!of!task,!switch,!congruency!and!age!F(1,!31)=9.684,!p=.004!ηp2=.238.!There!was!a!marginal!interaction!of!task,!switch!and!age!F(1,!31)=3.732,!p=.063!ηp2=.107.!In!general,!RTs!were!longer!for!position,!switch!and!incongruent!trials,!especially!in!the!oldest!group.!
Inverse'Efficiency'Scores.'There!was!a!negative!correlation!between!RT!and!accuracy!(r(33)=2.420,!p=.006,!one2tailed),!indicating!there!was!no!speed2accuracy!tradeoff!that!would!decrease!the!reliability!of!the!IES2RT!measures.!!For!accuracy2adjusted!RTs,!there!were!main!effects!of!switch!F(1,!31)=22.275,!
p<.001,!ηp2=.418,!and!congruency!F(1,!31)=91.658,!p<.001,!ηp2=.747,!and!two2way!interactions!of!task!and!congruency!F(1,!31)=13.186,!p=.001,!ηp2=.298,!and!switch!and!congruency!F(1,!31)=9.693,!p=.004,!ηp2=.238.!Although!median!RTs!did!not!show!any!effect!of!CC,!accuracy2adjusted!RTs!revealed!a!significant!four2way!interaction!of!switch,!congruency,!age!and!CC,!F(1,!31)=4.192,!
p=.049,!ηp2=.119!(Figure!2.3b).!There!was!also!a!significant!four2way!interaction!of!task,!switch,!congruency!and!age!F(1,!31)=4.287,!p=.047,!ηp2=.121!and!a!marginal!three2way!interaction!of!switch,!congruency!and!age!F(1,!31)=3.778,!p=.061,!ηp2=.109.'
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ERP!Results!Grand!average!waveforms!for!the!task,!switch!and!age!effects!are!shown!in!Figure!2.4.!Overall,!the!results!parallel!the!time!course!of!ERP!and!EROS!switch!effects2!previously!observed!in!the!foreperiod!of!spatial!Stroop!task!(Gratton!et!al.,!2009).!In!this!sample!of!older!adults,!the!YO!group!mirrored!the!young!adults!with!greater!switch2related!frontal!negativity,!while!the!OO!group!mirrored!the!older!adults!of!the!previous!study!that!showed!the!opposite!switching!pattern.!Indeed,!in!the!frontally!distributed!P300,!there!was!a!significant!switch!by!age!group!interaction!in!F3,!F(1,26)=4.819,!p=.037,!ηp2=.156.!For!the!parietally!distributed!P300,!significant!effects!were!only!found!in!P4.!There!was!a!significant!task!effect,!F(1,28)=8.422,!p=.007,!ηp2=.231,!and!a!near2significant!switch!by!age!group!interaction!F(1,26)=4.104,!p=.052,!ηp2=.128.!!
F3'Analyses.'Since!the!switch2related!negativity!in!F3!overlapped!in!time!with!the!frontal!P300,!we!took!a!closer!look!at!502ms!intervals!within!the!3002500!ms!post2cue!interval.!From!3002350!ms,!only!the!task!by!CC!group!interaction!was!significant!
F(1,26)=4.670,!p=.040,!ηp2=.152.!The!switch!by!age!group!interaction!was!significant!from!3502400!ms,!F(1,26)=5.013,!p=.034,!ηp2=.162,!from!4002450!ms,!F(1,26)=4.560,!p=.042,!
ηp2=.149,!and!from!4502500!ms!!F(1,26)=5.640,!p=.025,!ηp2=.178.!The!four2way!interaction!of!task,!switch,!age!group!and!CC!group!was!significant!from!4002450!ms!F(1,26)=5.060,!
p=.033,!ηp2=.163.!! Correlation'of'ERP'effects'and'behavior.'To!determine!if!the!switch2related!F3!negativity!was!important!for!performance,!we!computed!correlations!between!the!F3!switch!effect!and!the!behavioral!switch!effect!(Figure!2.5)!during!the!3502450!ms!interval!
                                                2!F3!is!located!approximately!around!the!left!MFG!ROI.!
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where!the!switch!effect!was!maximal!for!both!meaning!and!position!tasks.!For!the!position!task,!greater!F3!negativity!from!3502400!ms!predicted!smaller!switch!costs!(r(28)=.417,!
p=.011,!one2tailed),!even!after!controlling!for!age!(rp(27)=.468,!p=.005).!A!similar!relationship!was!found!for!the!meaning!task!(r(28)=.445,!p=.007,!one2tailed)!from!4002450!ms,!which!remained!significant!after!controlling!for!age!(rp(27)=.455,!p=.012,!one2tailed).!!EROS!Results!! Analyses!focused!on!the!interval!200!to!800!ms!after!cue!onset,!and!on!frontal!and!parietal!ROIs!derived!from!related!studies!(Figure!2.6).!!
Main'switch'effects.!First!we!sought!to!replicate!the!pattern!of!greater!MFG!activity!for!switch!versus!repeat!(Gratton!et!al.,!2009).!In!our!sample!of!older!adults,!we!found!a!very!similar!left!MFG!switch!effect!at!358!ms,!albeit!at!a!slightly!more!posterior!location!than!the!previous!study!(z(34)!=2.92;!zcrit!=!2.88;!peak!coordinates:!238,!21,!44).!The!full2head!montage!in!the!current!study!also!revealed!trends!in!left!IPS!from!3002400!ms!and!again!between!5002600!ms,!with!activity!peaking!at!563!ms,!(z(33)!=2.96;!zcrit!=!3.04;!peak!coordinates:!246,!251,!40).!Beginning!256!ms,!right!SPL!also!showed!switch2preferential!activation!that!lasted!until!409!ms!(peak!at!281!ms,!(z(34)!=3.11;!zcrit!=!2.92;!peak!coordinates:!9,!266,!53).!!!
Task9specific'switch'effects.'The!later!task2specific!switch!effects!(Figure!2.6)!mirrored!the!previous!study,!with!the!meaning!switch!effect!beginning!at!588!ms!and!peaking!at!640!ms!in!a!more!inferior!region!of!left!MFG!closer!to!the!left!IFG!(left!MFG!ROI:!
z(28)!=2.95;!zcrit!=!2.80;!peak!coordinates:!251,!27;!left!IFG!ROI:!z(25)!=2.97;!zcrit!=!2.73;!peak!coordinates:!253,!32,!19),!and!the!position!switch!effect!peaking!at!537!in!the!right!MFG!(z(34)!=2.73;!zcrit!=!2.73;!peak!coordinates:!24,!14).!Critically,!the!task!and!switch!
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interaction!was!marginally!significant!in!the!left!IFG!at!640!ms!(z(29)!=2.74;!zcrit!=!2.95;!peak!coordinates:!258,!29,!20),!and!significant!in!the!right!MFG!at!537!ms!(z(34)!=22.81;!
zcrit!=!22.80;!peak!coordinates:!24,!7,!46).!It!is!important!to!note!that!there!was!less!coverage!of!inferior!brain!areas!overall,!which!may!explain!the!less!robust!effects!in!IFG.!We!also!found!task2specific!switch!activity!in!parietal!cortex!(which!was!not!recorded!from!in!the!Gratton!et!al.,!2009!study),!primarily!for!the!meaning!task.!The!task!by!switch!interaction!showed!meaning2specific!switch!effects,!first!in!right!SPL/IPS!and!then!in!the!left!IPS/SPL.!The!right!IPS!effect!peaked!at!358!ms!(z(32)!=!3.30;!zcrit!=!3.12;!peak!coordinates:!42,!243,!46),!while!the!right!SPL!effect!peaked!at!614!ms!(z(34)!=2.80;!zcrit!=!2.71;!peak!coordinates:!19,!261,!54).!!The!left!IPS/SPL!effect!peaked!at!614!ms!(IPS!ROI:!
z(33)!=3.30;!zcrit!(IPS)!=!3.23;!zcrit!(SPL)=!3.14;!!peak!coordinates:!231,!266,!48.!There!were!trends!for!position2specific!switch!effects,!but!none!of!these!effects!were!significant!in!the!parietal!ROIs.!!
Correlation'of'EROS'switch'effects'with'ERP'measures'and'behavior.!The!task2general!left!MFG!effect!overlapped!in!time!with!the!switch2related!F3!negativity.!To!confirm!the!correspondence!of!these!effects,!we!correlated!the!F3!switch!effect!(mean!amplitude!between!3502400!ms)!with!the!left!MFG!switch!effect!at!384!ms!and!found!a!significant!negative!correlation![r(28)=2.312,!p=.047,!one2tailed].!To!minimize!the!influence!of!extreme!values!present!in!the!EROS!and!ERP!data,!we!ran!bootstrapped!correlations!and!followed!this!up!with!nonparametric!correlations.!The!bias!corrected!and!accelerated!(BCa)!95%!confidence!interval!(CI)!for!the!Pearson!correlation!did!not!include!zero![2.460,!2.265]!and!the!Spearman!correlation!was!significant!at!r=2.401,!p=.014,!one2tailed.!!
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Similar!to!the!ERPs,!a!larger!left!MFG!switch!effect!also!corresponded!to!smaller!RT!switch!costs!(r(33)=2.334,!p=.025,!BCa!95%!CI![2.523,!2.103],!rs!=!2.283,!p=0.05!],!even!after!accounting!for!age!(r(32)=2.350,!p=.021,!BCa!95%!CI![2.507,!2.121].!When!computed!separately!for!the!meaning!and!position!task,!the!correlations!did!not!reach!significance,!although!both!showed!the!same!negative!trends.!!
Cross9correlation'analyses.'Having!replicated!the!basic!switch!findings!in!our!sample!of!middle2to2older!adults,!we!turned!to!examining!the!interplay!between!the!task2general!FPN!and!task2specific!effects.!In!these!cross2correlation!analyses,!we!used!the!peak!voxel!of!the!general!switch!effect!as!a!seed!region!(x=238,!y=21).!Separately!for!the!meaning!and!position!task,!we!then!correlated!the!switch!effect!in!this!seed!voxel!with!the!switch!effect!in!other!voxels.!Significance!tests!were!conducted!separately!for!each!lag,!and!analyses!focused!on!the!frontal!and!parietal!ROIs.!For!brevity,!we!do!not!report!the!significant!positive!correlations!of!the!seed!voxel!within!its!encompassing!ROI!at!the!0!ms!lag.!Main!results!are!summarized!in!Figure!2.7.'
Cross&correlations!of!meaning!switch!effect.!Left!MFG!activity!predicted!switch2related!activity!for!the!meaning!task!in!left!MFG2IFG,!with!positive!correlations!at!the!128!ms!lag!(z(15)!=3.02;!zcrit!=!2.71;!peak!coordinates:!261,!29,!60)!and!again!beginning!at!the!230!ms!lag,!peaking!at!the!256!ms!lag!(z(28)!=2.86;!zcrit!=!2.73;!peak!coordinates:!258,!14,!27).!There!was!also!a!negative!correlation!in!the!left!MFG!seed!region!at!a!lag!of!76!ms!(z(34)!=25.84;!zcrit!=!22.89;!peak!coordinates:!238,!21,!44)!and!179!ms!(z(33)!=23.08;!zcrit!=!22.89;!peak!coordinates:!231,!1,!49).!We!did!not,!however!find!a!significant!negative!correlation!in!the!frontal!cortex!of!the!opposite,!position2specific!hemisphere.!There!were!hints!of!a!negative!correlation!beginning!at!the!256!ms!lag,!but!this!effect!did!not!reach!
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significance!(z(32)!=22.40;!zcrit!=!22.92;!peak!coordinates:!39,!22,!39).!Interestingly,!a!negative!correlation!was!found!with!right!IPS!at!the!179!ms!lag!(z(31)!=23.22;!zcrit!=!23.13;!peak!coordinates:!52,!246,!38).!!The!seed!region!was!also!positively!correlated!with!the!right!IPS!at!the!0!ms!lag!(z(23)!=3.19;!zcrit!=!3.10;!peak!coordinates:!59,!246,!33)!and!with!the!right!SPL!at!the!51!ms!lag!(z(20)!=2.84;!zcrit!=!2.84;!peak!coordinates:!29,!281,!33).!
Cross&correlations!of!position!switch!effect.!Left!MFG!activity!predicted!switch2related!activity!for!the!position!task!in!right!MFG!at!a!lag!of!256!ms!and!281!ms!(peak!at!281!ms:!(z(34)!=3.11;!zcrit!=!2.86;!peak!coordinates:!37,!27).!We!also!found!a!negative!correlation!starting!at!the!153!ms!lag!in!more!inferior!MFG!that!was!found!to!be!active!for!the!meaning!task!(peak!lag!at!179!ms:!(z(25)!=2.92;!zcrit!=!2.90;!peak!coordinates:!261,!22).!Consistent!with!previous!findings,!we!also!see!a!negative!correlation!in!our!seed!region!at!the!76!ms!lag!z(34)!=!4.94;!zcrit!=!2.85;!peak!coordinates:!236,!2,!49)!and!again!at!the!179!ms!lag!(z(33)=4.170,!zcrit=2.85,!231,!1,!49).!!! Corpus'callosum'predicts'right'MFG'up9regulation'for'position'switching.'Both!previous!studies!and!the!cross2correlation!analyses!point!to!the!importance!of!the!anterior!CC,!especially!in!the!position!task.!To!test!the!role!of!the!anterior!CC!in!the!interaction!between!left!MFG!and!later2onset!right!MFG!activity,!we!correlated!the!size!of!the!anterior!CC!with!the!strength!of!the!left!MFG!and!right!MFG!coupling!at!the!peak!lag!of!281!ms.!!
! For!the!position!task,!anterior!CC!positively!correlated!with!the!strength!of!the!correlation!between!the!seed!left!MFG!voxel!and!the!peak!right!MFG!voxel,!r(33)=.292,!
p=.044!(Figure!2.8).!Although!the!anterior!CC!was!correlated!with!age,!there!was!no!significant!relationship!between!age!and!the!left!MFG!and!right!MFG!coupling.!The!
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correlation!between!CC!and!coupling!was!near2significant!after!accounting!for!age,!rp=.246,!
p=.081,!df=32.!!For!the!meaning!task,!the!correlation!between!CC!volume!and!the!peak!left!MFG2IFG!voxel!for!the!meaning!task!was!not!significant.!Since!the!meaning!task!is!not!specialized!to!the!right!hemisphere,!the!anterior!CC!may!play!less!of!a!role!in!predicting!the!within2hemisphere!functional!interaction.!! To!further!test!the!association!between!anterior!CC!and!activation!of!the!right!MFG,!we!ran!a!univariate!analysis!to!determine!how!switch2related!up2regulation!of!the!right!MFG!for!the!position!task!differed!as!a!function!of!anterior!CC,!now!using!the!stratified!CC!groupings!(within!age!group)!employed!for!the!behavioral!and!ERP!analyses.!!Consistent!with!the!current!results,!the!large!CC!group!showed!greater!a!greater!position!effect!in!the!right!MFG!when!compared!to!the!small!CC!group!(Figure!2.9).!Notably,!this!effect!was!found!earlier!in!the!preparatory!interval!at!486!ms!(z(33)!=3.18;!zcrit!=!2.92;!peak!coordinates:!37,!21,!50),!compared!to!the!overall!activation!findings!that!peaked!at!around!537!ms.!At!563,!there!was!a!hint!of!greater!activation!in!the!right!MFG!for!the!smaller!CC!group,!although!this!effect!did!not!reach!significance.!!Although!the!structural!and!functional!connectivity!measures!were!related!for!the!position!task,!neither!connectivity!measure!was!directly!correlated!to!behavioral!switch!costs.! !
! 42!
Discussion'! Here!we!unpacked!the!importance!of!structural!connectivity!in!aging!by!examining!the!functional!interactions!of!brain!regions!that!rely!on!the!anterior!corpus!callosum,!a!region!that!undergoes!significant!age2related!decline.!Using!cross2correlations!to!examine!the!flow!of!activity!in!a!switching!task,!we!found!that!left!MFG!activity!preceded!up2regulation!of!task2relevant!lateralized!processes!in!frontal!regions.!The!current!study!extended!previous!findings!(Gratton!et!al.,!2009;!Baniqued!et!al.,!2013)!by!not!only!replicating!the!task2general!and!task2specific!activations!in!frontal!cortex,!but!also!showing!the!relationship!between!the!two—confirming!their!relative!timing!of!activation!and!statistical!dependence.!More!importantly,!the!degree!to!which!older!adults!engaged!lateralized!task2relevant!processes!was!related!to!the!volume!of!the!anterior!CC,!the!main!connection!between!frontal!regions!of!the!two!hemispheres.!! Cue2locked!left!frontal!negativity!observed!in!parallel!to!left!MFG!optical!activity!significantly!predicted!switch!costs!for!both!meaning!and!position!tasks,!with!greater!switch2related!negativity!predicting!smaller!reaction!time!switch!costs!even!after!accounting!for!age.!The!ERP!and!EROS!switch!effects!were!not!only!correlated,!but!also!associated!with!smaller!RT!switch!costs.'That!such!early!activity!predicts!later!behavioral!effects!highlights!the!importance!of!a!domain2general!mechanism!that!initiates!specific!preparatory!processes.!Gratton!et!al.!(2009)!proposed!the!existence!of!both!domain2general!and!task2specific!processes!operating!in!parallel!to!enable!successful!task2switching!performance,!speculating!that!increased!practice!may!develop!more!task2specific!processes!that!operate!early!and!in!parallel!to!domain2general!instantiated!processes.!In!the!current!study,!which!included!a!significant!practice!session,!we!still!found!evidence!for!
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task2general!mechanisms!in!left!frontal!switch!effects,!suggesting!that!the!left!MFG!plays!a!critical!role!in!shifting!attention.!Indeed,!lesion!studies!point!to!the!criticality!of!the!left!MFG!in!top2down!control!of!task!sets!in!switching!paradigms!(Aron,!Monsell,!Sahakian!&!Robbins,!2004;!Rossi,!Pessoa,!Desimone!&!Ungerleider,!2009).!Task2specific!frontal!activation!was!evident!later!in!the!preparatory!interval!around!5402640!ms,!with!greater!switch2related!up2regulation!in!left!IFG!for!the!meaning!task,!and!in!the!right!MFG!for!the!position!task.!What!is!most!interesting!however,!was!how!these!activations!relate!back!to!the!earlier!switch!modulation!in!left!MFG.!Cross2correlation!analyses!showed!that!the!task2general!MFG!activity!correlated!with!later!engagement!of!task2specific!lateralized!processes,!with!increased!coupling!to!the!left!IFG!when!switching!to!the!meaning!task,!and!greater!coupling!to!the!right!MFG!when!switching!to!the!position!task.!Importantly,!for!position!switching,!anterior!CC!volume!predicted!the!degree!to!which!left!MFG!coupled!to!right!MFG.!This!was!confirmed!in!the!overall!activation!analyses!when!looking!back!at!the!position!switch!effect!in!the!later!interval!of!the!preparatory!period:!not!only!did!those!with!larger!CC!show!greater!recruitment!of!right!MFG,!but!there!was!evidence!to!suggest!that!right!MFG!activation!also!onset!earlier!for!the!large!vs!small2!CC!group.!!! The!current!study!covered!parietal!regions,!but!only!frontal!activity!was!predictive!of!switching!costs.!This!frontal!dependence!may!in!part!be!due!to!the!older!demographic!of!our!participants,!especially!as!bilateral!frontal!activation!is!a!common!finding!in!tasks!that!tax!frontal!control!mechanisms!(Reuter2Lorenz!et!al.,!2000,!2008;!Cabeza,!2002;!Schneider2Garces!et!al.,!2010).!Similar!to!the!previous!study!(Gratton!et!al.,!2009),!we!also!found!trends!for!greater!bilateral!frontal!activation!in!individuals!with!smaller!CC!for!the!
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lateralized!tasks,!hinting!at!a!lack!of!cross2hemispheric!inhibition!(Rykhlevskaia!et!al.,!2006;!see!also!Hasher!et!al.,!2008).!As!revealed!by!the!cross2correlation!analyses,!left!MFG!activity!is!also!preceded!by!deactivation!in!the!task2irrelevant!hemisphere,!although!this!did!not!reach!significance!in!all!cases.!Taken!together,!these!findings!suggest!that!the!CC!does!not!only!support!transfer!of!information!to!engage!processes,!but!also!inhibitory!mechanisms!that!feed!back!across!to!inhibit!processes!that!are!now!in!conflict!with!the!current!trial.!It!is!also!important!to!note!that!the!switching2related!accuracy!benefit!for!larger!CCs!was!evident!in!the!YO!group!but!not!the!OO!group.!While!no!switch!trial!benefit!was!observed!for!the!OO!group,!the!OO!participants!with!larger!CCs!showed!a!benefit!for!repeat!trials.!Why!might!this!be!the!case!when!the!CC!is!presumably!less!involved!when!there!is!no!need!for!a!switch?!It!is!plausible!that!a!more!intact!CC!is!also!more!able!to!hold!on!to!current!rules!and!continue!to!inhibit!the!irrelevant!modality,!perhaps!especially!in!the!position!task!where!one!must!override!reading!and!thus!processing!the!meaning!of!the!target!stimulus.!! Unlike!the!current!study,!many!switch!paradigms!find!small!or!no!local!switch!costs!(switch!vs!repeat)!in!the!presence!of!mixing!costs!(mixed!vs!repeat!blocks),!proposing!that!older!adults!treat!all!trials!like!a!switch!trial!or!change!in!context!(Karayanidis!et!al.,!2011).!The!results!of!the!current!study!provide!a!potential!framework!from!which!to!interpret!these!findings!by!highlighting!the!importance!of!the!frontal!cortex.!While!many!other!brain!regions!undergo!decline,!behavioral!manifestations!may!not!be!apparent!in!tasks!that!preferentially!engage!relatively!intact!areas!such!as!parietal!cortex.!Moreover,!the!importance!of!white!matter!in!a!cognitive!task!may!depend!on!the!nature!of!the!tasks!involved.!For!example,!the!integrity!of!the!left!superior!longitudinal!fasciculus,!a!frontal2
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parietal!connector,!predicted!reaction!time!switch!costs!in!a!task!that!required!number!or!letter!judgments,!processes!that!involve!more!posterior!regions!(Gold!et!al.,!2010).!Knowledge!about!the!specificity!of!these!brain2behavior!relationships!can!help!guide!development!of!systems!catered!to!older!adults,!for!example!in!capitalizing!on!processes!that!rely!on!less!susceptible!regions!or!brain!interactions.!!Although!CC!effects!were!observed!for!accuracy!and!accuracy2adjusted!reaction!times,!neither!connectivity!measure!(anterior!CC!and!functional!connectivity!via!cross2correlations)!was!directly!predictive!of!performance.!One!reason!for!the!lack!of!CC’s!predictive!power!may!be!due!to!the!more!limited!range!in!our!sample!of!older!adults.!Alternatively,!it!is!plausible!that!CC’s!effects!are!more!evident!in!terms!of!brain!function!or!activity!as!we!found,!rather!than!behavior.!Moreover,!Monsell!(2003)!proposed!that!residual!switch!costs!observed!in!the!presence!of!preparation!time!may!reflect!“retroactive!set!adjustment,”!particularly!when!bivalent!stimuli!are!used!in!the!switching!paradigm!(as!in!this!case).!This!study!only!focused!on!the!preparatory!period!and!as!such!did!not!capture!processes!that!may!be!additionally!engaged!once!the!reaction!stimulus!appears—processes!which!can!exert!a!direct,!additive!effect!on!performance!metrics!and!may!be!differentially!influenced!by!the!size!of!the!corpus!callosum.!!In!summary,!in!older!adults,!difficulty!engaging!preparatory!control!accompanied!by!weaker!structural!connections!between!brain!regions!may!lead!to!sub2optimal!performance.!Aging!is!characterized!by!a!confluence!of!changing!biological!and!psychological!factors,!yet!the!degree!to!which!an!individual!experiences!age2related!cognitive!effects!may!be!significantly!accounted!for!by!pre2existing!differences!in!lifestyle!and!brain!structure.!Here!we!highlight!the!importance!of!the!anterior!CC,!which!undergoes!
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profound!decline!in!older!age.!Interestingly,!the!anterior!CC!has!also!been!observed!to!be!among!the!most!malleable!of!brain!structures,!showing!significant!associations!with!aerobic!fitness!(Voss!et!al.,!2012;!Burzynska!et!al.,!2014)!and!changes!as!a!function!of!aerobic!exercise!from!a!yearlong!walking!intervention!(Voss!et!al.,2012).!Future!directions!include!investigating!to!what!extent!fitness,!via!its!action!on!brain!structure!and!function,!may!determine!performance!in!similar!attention!and!frontal2demanding!situations.!
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Tables!!!
Table!2.1.!Demographics.!Standard!deviations!are!shown!in!parentheses,!followed!by!range.!! Young2Old!(YO)! Older2Old!(OO)!! Small!CC! Large!CC! Small!CC! Large!CC!N!(analysis!max)! 10! 8! 10! 7!Gender!(female)! 7!female! 3!female! 4!female! 3!female!Mean!age!(yrs)! 64.18!(3.07)!59267! 61.42!(4.12)!55267! 78.39!(4.05)!71285! 72.25!(4.98)!67282!Anterior!CC!!volume!(mm3)! 1241.39!(144.66)!1027!21402! 1540.36!(71.08)!147221656! 1121.18!(81.97)!95521239! 1384.15!(86.14)!130421530!Education!(yrs)! 18!(3.40)!12220! 17.13!(2.85)!12220! 17.6!(2.41)!13220! 16.21!(2.94)!12219!Modified!MMSE!! 55.7!(0.67)!54256! 56.13!(1.13)!54257! 55.20!(1.55)!52257! 54.86!(1.35)!53256!KBIT! 116.10!(7.87)!1022126! 119.38!(15.85)!952142! 120!(9.97)!1072138! 117.71!!(7.02)!1082126!!! !
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Table!2.2.!Talairach!coordinates!of!Frontal!and!Parietal!ROIs.!ROI! X!!(left,!right)/!Y!(anterior,!posterior)!/!Z!(inferior,!superior)!Left!MFG2SFG! 250!230!/!0!30!/!20!40!Right!MFG2SFG! 25!45!/!0!30!/!20!40!Left!MFG2IFG! 260!45!/!10!40!/!10!30!Right!MFG2IFG! 235!55!/!10!40!/!10!30!Left!IPS2IPL! 260!230!/!270!–!40!/!20!40!Right!IPS2IPL! 30!60!/!270!240!/!20!40!Left!SPL! 230!210!/!280!255!/!42!52!Right!SPL! 10!30!/!280!255!/!42!52!!! !
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Table!2.3.!Median!RT!and!Mean!Accuracy!effects.!
AGE! CC! task! switch! con! Median!RT!Mean! RT!SE! ACC!Mean! ACC!SE!YO! Small!CC! Meaning! Switch! Inc! 730.925! 33.731! 0.905! 0.021!Con! 625.025! 28.433! 0.988! 0.005!Repeat! Inc! 697.125! 27.967! 0.948! 0.014!Con! 620.225! 26.453! 0.992! 0.005!Position! Switch! Inc! 756.775! 54.895! 0.891! 0.023!Con! 605.625! 29.925! 0.981! 0.009!Repeat! Inc! 663.150! 58.787! 0.915! 0.025!Con! 574.825! 30.790! 0.995! 0.013!Large!CC! Meaning! Switch! Inc! 679.063! 37.713! 0.938! 0.023!Con! 609.656! 31.790! 0.983! 0.006!Repeat! Inc! 665.531! 31.268! 0.952! 0.015!Con! 577.719! 29.575! 0.992! 0.006!Position! Switch! Inc! 655.344! 61.374! 0.911! 0.025!Con! 518.531! 33.457! 0.986! 0.01!Repeat! Inc! 587.813! 65.726! 0.917! 0.028!Con! 495.031! 34.425! 0.983! 0.015!OO! Small!CC! Meaning! Switch! Inc! 746.575! 33.731! 0.905! 0.021!Con! 663.650! 28.433! 0.976! 0.005!Repeat! Inc! 714.375! 27.967! 0.939! 0.014!Con! 631.050! 26.453! 0.987! 0.005!Position! Switch! Inc! 767.050! 54.895! 0.835! 0.023!Con! 624.850! 29.925! 0.969! 0.009!Repeat! Inc! 756.600! 58.787! 0.839! 0.025!Con! 585.625! 30.790! 0.948! 0.013!Large!CC! Meaning! Switch! Inc! 739.071! 40.316! 0.882! 0.025!Con! 643.893! 33.984! 0.976! 0.006!Repeat! Inc! 712.429! 33.427! 0.917! 0.017!Con! 620.143! 31.617! 0.985! 0.006!Position! Switch! Inc! 751.893! 65.612! 0.859! 0.027!Con! 613.143! 35.767! 0.97! 0.011!Repeat! Inc! 742.679! 70.264! 0.906! 0.03!Con! 581.679! 36.801! 0.978! 0.016!!
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Figures!
Figure!2.1.!Spatial!Stroop!Paradigm.!Stimuli!are!not!drawn!to!scale.!
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Figure!2.2.!Approximate!subdivision!of!anterior!CC!on!one!subject!(left),!relationship!of!
anterior!CC!volume!with!age!(right)!
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!
Figure!2.3a.!ThreeBway!interaction!of!switch,!age!group!and!CC!group!in!accuracy.!Error!
bars!are!SEM.!
!
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Figure!2.3b.!FourBway!interaction!of!switch,!congruency,!age!group!and!CC!group!in!
accuracyBadjusted!reaction!times!(IESBRT).!Error!bars!are!SEM.!
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Figure!2.4.!Interaction!of!task!and!switch!according!to!age!group.!For!graphing!purposes,!
data!were!lowBpass!filtered!at!8!Hz.!
!
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Figure!2.5.!Greater!F3!switchBrelated!negativity!predicts!smaller!RT!switch!costs!
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Figure!2.6.!Univariate!analysis:!general!and!taskBspecific!switch!effects!
!
!!! !
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Figure!2.7.!CrossBcorrelation!analyses!of!the!switch!effect!in!left!MFG!
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Figure!2.8.!Relationship!between!anterior!CC!and!leftBtoBright!PFC!coupling!in!position!task!!
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Figure!2.9.!Hot!spots!are!areas!where!large!CC!participants!show!a!greater!position!switch!
effect.!Cool!spots!are!where!the!smaller!CC!group!shows!a!greater!switch!effect.!!
!
! !! !
! 60!
CHAPTER'3 
CONTROL'ADJUSTMENTS'IN'AGING:'BEHAVIORAL'AND'ERP'FINDINGS'
Introduction'! Cognitive!control!involves!the!ability!to!adapt!and!adjust!behavior!to!deal!with!currently!pertinent!demands.!This!adaptability!can!be!extended!to!the!implementation!of!attentional!control!processes!itself,!as!certain!tasks!can!sometimes!be!completed!more!optimally!with!minimal!control,!for!example!in!the!context!of!reading!or!in!a!congruent!Stroop!trial!where!the!word!“green”!is!also!written!in!green!ink.!Moreover,!a!series!of!experiments!have!shown!that!on!average,!participants!select!a!course!of!action!they!perceive!to!be!less!cognitive!demanding!(Kool,!McGuire,!Rosen!&!Botvinick,!2010;!McGuire!&!Botvinick,!2010;!Botvinick,!Huffstetler!&!McGuire,!2009;!Westbrook,!Kester!&!Braver,!2013).!This!strategic!aspect!of!when!to!implement!attentional!control!has!not!been!studied!in!the!context!of!aging,!which!is!characterized!by!declines!in!attentional!control!but!relatively!preserved!automatic!processes!such!as!attentional!capture!(Kramer,!Hahn,!Irwin!&!Theeuwes,!2000)!and!many!language2related!functions!(Park!et!al.,!2002).!!In!the!current!study,!we!investigate!strategic!control!in!terms!of!cue2related!behavioral!adjustments—specifically!when!to!apply!more!focused!or!selective!attention,!and!when!to!relax!this!attentional!control!to!allow!more!low2cost!and!low2effort!automatic!processing!to!occur.!!! Here!we!use!a!flanker!paradigm,!previously!shown!to!elicit!behavioral!adjustments!in!young!adults!(Gratton!et!al.,!1992;!Ghinescu!et!al.,!2010).!In!this!paradigm,!participants!are!primarily!tasked!to!indicate!the!identity!of!a!central!stimulus.!The!target!stimulus!can!be!surrounded!by!identical!stimuli,!called!a!compatible!trial!(SSSSS!or!HHHHH)!or!by!different!stimuli,!called!an!incompatible!trial!(SSHSS!or!HHSHH).!Performance!on!incompatible!trials!is!characterized!by!lower!accuracy!and!longer!reaction!times,!although!
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performance!during!this!type!of!trial!has!been!shown!to!benefit!from!immediate!prior!experience!with!an!incompatible!trial!(for!a!review,!see!Egner!2008).!This!phenomenon,!coined!“conflict!adaptation”!is!thought!to!reflect!increased!recruitment!of!control!triggered!during!the!incompatible!trial!that!carries!over!to!the!subsequent!trial!(Ullsperger,!Bylsma!&!Botvnicik,!2005).!Gratton!and!colleagues!suggested!a!strategic!or!expectancy!account!wherein!subjective!expectations!regarding!the!nature!of!the!upcoming!trial!drove!them!to!regulate!behavior,!with!a!greater!tendency!to!select!a!focused!strategy!(foveate!on!middle!letter/target)!after!a!high!conflict!incompatible!trial,!and!default!to!a!“parallel”!or!less!focused!strategy!after!a!low2conflict!compatible!trial!(as!flanker!information!in!this!case!is!consistent!with!the!target!and!may!facilitate!faster!responses).!In!a!series!of!experiments!that!aimed!to!rule!out!stimulus!repetition!or!response!priming,!they!confirmed!that!expectancy!did!relate!to!strategy!selection,!such!that!a!high!probability!of!congruent!trials!led!to!an!“early!selection”!strategy!that!allowed!for!greater!processing!of!flankers!to!facilitate!performance,!while!a!high!probability!of!incompatible!trials!led!to!a!more!focused!selection!strategy.!To!better!probe!the!role!of!expectancies!in!producing!behavioral!changes,!this!paradigm!was!modified!to!include!cues!at!the!beginning!of!each!trial!that!indicate!the!probability!that!the!target!will!be!surrounded!by!incompatible!or!compatible!stimuli.!Like!the!conflict!adaptation!effect,!flanker!effects!were!reduced!following!cues!that!predicted!incompatible!trials—suggesting!an!up2regulation!of!attention!during!the!preparatory!period!(Gratton!et!al.,!1992;!Ghinescu!et!al.,!2010).!Interestingly,!this!has!been!found!to!occur!without!awareness!(Ghinescu,!et!al.,!2010)!in!a!paradigm!that!manipulated!whether!subjects!were!aware!of!the!predictive!utility!of!the!cues!that!preceded!stimulus!onset.!It!is!not!known,!however,!whether!older!adults!are!able!to!similarly!benefit!from!the!
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cues.!Here,!we!employ!the!cued!flanker!paradigm!in!young!and!older!adults!and!use!cues!predicting!compatible!stimuli,!incompatible!stimuli,!and!neutral!cues!that!indicate!that!the!target!is!equally!likely!to!be!compatible!or!incompatible.!! A!line!of!research!on!cognitive!control!makes!the!distinction!between!preparatory!“proactive”!control!and!more!bottom2up!“reactive”!control,!finding!that!although!older!adults!show!a!decline!in!the!former,!reactive!mechanisms!remain!relatively!intact!(Braver,!Gray!&!Burgess,!2007;!Bugg,!2014).!Nonetheless,!when!trained!to!shift!to!a!more!proactive!mode,!older!adults!are!able!to!override!the!tendency!to!use!reactive!control!and!instead!learn!how!to!use!advanced!information!to!better!perform!the!task!(Braver,!Paxton,!Locke!&!Barch,!2009).!Although!implementation!of!control!is!required!in!both!cases,!the!aging!findings!in!this!framework!suggest!that!when!cued,!older!adults!can!shift!strategies!and!override!the!tendency!to!engage!in!a!more!reactive!mode!of!control.!In!the!current!study,!we!investigate!if!such!flexibility!can!extend!to!a!paradigm!where!the!choice!is!between!a!strategy!that!requires!attentional!control!(“focused”)!and!a!strategy!where!attentional!control!may!be!less!optimal!for!performance!(“parallel”).!!! In!this!experiment,!we!also!probe!the!neurocognitive!processes!related!to!engaging!(or!being!unable!to!engage)!these!strategies.!Event2related!potentials!(ERPs)!provide!a!nice!tool!to!study!preparatory!brain!activity,!given!the!extant!literature!on!electrical!markers!or!components!associated!with!preparation.!One!such!well2understood!component!is!the!lateralized!readiness!potential!(LRP),!an!increase!in!electrical!activity!prior!to!a!motor!responses!that!is!maximal!around!central!recording!sites!(Kornhuber!&!Deecke!1965;!Coles!1989;!Gratton!et!al.,!1989;!De!Jong,!Wierda,!Mulder,!&!Mulder,!1988;!Gehring,!Gratton,!Coles,!&!Donchin,!1992;!Gratton,!Coles,!Sirevaag,!Eriksen,!&!Donchin,!1988;!Kutas!&!
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Donchin,!1980).!!LRPs!are!often!observed!earlier!for!compatible!compared!to!incompatible!trials,!reflecting!faster!activation!of!the!correct!response!in!the!absence!of!competing!flankers.!In!this!experiment,!if!greater!control!is!deployed!after!predict!incompatible!trials,!we!expect!LRP!onsets!for!incompatible!stimuli!to!be!earlier!compared!to!incompatible!stimuli!preceded!by!predict2neutral!or!predict2compatible!cues.!!! As!control!is!a!function!often!related!to!the!frontal!cortex,!we!also!expect!to!find!cue!modulation!in!frontal!electrode!sites!during!the!preparatory!period.!In!a!cued!flanker!paradigm!similar!to!the!one!employed!in!this!study,!Gratton!and!colleagues!(1992)!observed!that!cues!predicting!compatible!trials!showed!a!sustained!negativity!in!frontal!and!central!electrodes!when!compared!to!cues!predicting!neutral!or!incompatible!trials.!In!this!previous!study!however,!strategy!instructions!were!explicitly!provided!to!participants.!If!we!obtain!similar!behavioral!adjustments!in!the!current!experiment!where!no!explicit!strategies!are!provided!(only!the!probabilities!associated!with!each!cue),!we!will!examine!whether!any!frontal!modulations!track!with!cue.!Given!that!participants!are!not!explicitly!told!to!engage!in!a!parallel!strategy!for!cues!predicting!compatible!trials,!the!sustained!frontal!negativity!found!previously!may!be!attenuated!if!present.!Nonetheless,!the!literature!points!to!the!importance!of!frontal!and!parietal!regions!in!the!control!of!attention—and!the!presence!of!cue2driven!behavioral!differences!is!likely!to!be!accompanied!by!electrophysiological!modulation!during!the!preparatory!period.!
' !
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Methods!Participants!Fifteen!young!adults!(18237)!and!12!older!adults!(57277)!have!participated!in!the!study!and!received!compensation!of!$15/hr.!Participants!were!native!English!speakers,!right2handed!as!assessed!by!the!Edinburgh!Handedness!Inventory,!had!normal!or!corrected2to2normal!vision!and!signed!informed!consent.!Twenty2three!participants!were!recruited!from!a!pool!of!subjects!who!participated!in!a!larger!multi2session!study!within!the!Cognitive!Neuroimaging!Lab!at!the!University!of!Illinois,!and!four!young!adults!were!recruited!from!a!list!of!participants!in!the!Lifelong!Brain!and!Cognition!lab!who!have!agreed!to!be!contacted!for!future!studies.!Eligibility!was!determined!using!criteria!similar!to!the!previous!experiment!(Chapter!2),!and!confirmed!by!a!phone!screening!that!assessed!any!changes!in!health!and!lifestyle.!Participants!had!no!serious!or!chronic!medical!or!psychological!conditions.!Selection!criteria!consisted!of!the!following:!1)!no!serious!or!chronic!medical!or!psychological!conditions,!2)!no!history!of!drug!abuse,!3)!no!signs!of!dementia!as!reflected!in!a!score!of!at!least!51!on!the!modified!Mini2Mental!Status!examination!(Mayeux!et!al.,!1981),!4)!no!signs!of!depression!as!indexed!by!a!score!of!less!than!14!on!the!Beck!Depression!Inventory!(Beck!et!al.,!1996),!5)!no!habitual!consumption!of!alcohol!or!cigarette,!or!at!least!of!no!more!than!2!alcoholic!drinks!per!day!and/or!half!a!pack!of!cigarettes!per!day,!and!6)!normal!or!corrected2to2normal!vision!and!7)!being!a!native!English!speaker.!!Cued!Flanker!Task!! The! experimenter! first! presented! sample! stimuli! from! the! experiment,! informing!participants!that!they!will!view!letter!strings!(targets)!that!were!either!compatible!(SSSSS!or! HHHHH)! or! incompatible! (SSHSS! or! HHSHH),! and! that! their! task!was! to! indicate! the!
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identity!of!the!middle!letter!using!either!a!left!or!right2hand!button!press.!They!were!also!told!that!later!in!the!task,!the!targets!will!be!preceded!by!shapes,!and!that!these!shapes!may!be!useful!in!performing!the!task.!Participants!then!viewed!an!example!of!each!target!type!and!indicated!their!responses!to!the!experimenter.!Participants!were!instructed!to!respond!quickly!and!accurately!by!pressing!a!button!with!their! left!or!right!hand,!with!one!button!representing!“H”!and!the!other!“S.”!Hand!assignment!was!counterbalanced!across!subjects,!and!consistent!within!subject.''On! the! computer,! participants!were!positioned!82! cm! from! the! screen.!All! stimuli!were!white! presented! on! a! black! background.! Letters!were! displayed! in! Lucida! Console!font.!First,!participants!completed!two!trials!of!each!target!type.!They!were!then!introduced!to!three!shapes!(triangle,!square,!diamond—referred!to!here!as!A,!B,!C)!and!informed!of!the!target!probability!associated!with!each:!20%!incompatible!(PC)!for!A,!50%!for!B!(PN)!and!80%! for! C! (PI).! The! probability2cue! assignments! were! pseudo2counterbalanced! across!subjects.! For! each! cue! separately,! participants! completed! ten! trials! that! contained! letter!targets!with!compatibility!frequency!according!to!the!associated!cue!probability!(e.g.,!eight!compatible! trials! and! two! incompatible! trials! for! PC).! On! each! trial! (Figure! 3.1),! a! cue!positioned! on! both! sides! of! fixation! (triangle,! square! or! diamond)! appeared! for! 200!ms.!After!a!1500!ms!interval,!participants!responded!to!the!flanker!stimulus!by!indicating!the!identity!of! the!central! letter.!The! inter2trial! interval!was!1600!ms!and!accuracy! feedback!was!provided!at!the!end!of!the!thirty!trials!(ten!for!each!cue).!To!ensure!that!participants!remembered! the! shape2probability!mapping,! they! then! completed!24! forced2choice! trials!that!asked! them! to! choose!which!of! two! letter! strings!was!more! likely! to!appear!given!a!certain! shape! cue.! For! PN! trials,! either! choice! was! correct.! Feedback! was! provided!
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automatically! after! each! response.! For! incorrect! responses,! the! experimenter! provided!additional! feedback! and! explanation! to! reinforce! the! shape2probability! mapping! and! to!ensure!that!participants!understood!the!task.!!Prior!to!beginning!the!recording!session,!participants!then!completed!a!block!of!60!trials!where! cues! and! targets! occurred! randomly! and! equiprobably.! Parameters!were! as!described! above,! except! for! a! 3000! ms! interval! in! between! cue! and! target.! They! then!completed!another!practice!block!of!60!trials!with!the!experimental!timing!of!1500!ms!in!between! cue! and! target.! Participants! were! instructed! to! keep! their! eyes! on! the! fixation!cross!throughout!the!experiment.'For!the!EROS2ERP!recording,!participants!completed!20!blocks!of!60!trials!each.!At!the!beginning!of!each!block,!a!reminder!screen!displayed!the!shape2probability!and!hand2letter!mappings.!At!the!end!of!each!block,!the!screen!displayed!overall!accuracy!and!performance2based!instructions.!If!mean!accuracy!was!less!than!70%,!participants!were!instructed!to!respond!more!slowly!and!more!accurately.!If!mean!accuracy!was!less!than!90%!but!greater!than!70%,!they!were!told!to!continue!to!respond!as!quickly!and!accurately.!If!mean!accuracy!was!over!90%,!they!were!instructed!to!respond!more!quickly.!Electrical!Recording!and!Preprocessing!! EEG!data!was!collected!using!13!Ag/AgCl!electrodes.!Six!electrodes!approximately!located!at!F3,!F4,!C3,!C4,!P3!and!P4!according!to!the!10/20!system,!were!secured!onto!the!scalp!by!wrapping!each!conductive!end!with!a!small!porous!sponge,!filling!it!with!gel!and!inserting!the!wrapped!electrode!into!a!pre2assigned!hole!on!the!custom!foam!helmet.!All!electrodes!were!referenced!to!the!left!mastoid!online,!and!re2referenced!offline!to!the!average!of!the!left!and!right!mastoid,!with!a!ground!electrode!positioned!on!the!forehead.!
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To!monitor!eye!movements,!electrodes!were!also!positioned!above!and!below!the!right!eye,!and!at!the!outer!canthi!of!the!left!and!right!eye.!Data!were!obtained!with!a!sampling!rate!of!250!Hz!and!bandpass2filtered!between!.01!and!30!Hz,!using!Brain!Vision!Recorder!software!and!Brain!Vision!V2Amp!(Brain!Products).!Electrode!impedances!were!maintained!below!20!kΩ,!with!the!head!electrodes!all!falling!below!10!kΩ.!! EEGLAB!13.2.1!and!ERPLAB!4.0.2.3!were!used!to!process!the!EEG!data.!Data!were!segmented!into!10002ms!epochs!time2locked!to!stimulus!onset,!with!a!200!ms!pre2event!baseline.!Segments!containing!artifacts!due!to!electrode!saturation!or!displacement!as!identified!by!voltage!changes!larger!than!700!μV!were!discarded!from!analyses.!Eye!movements!were!regressed!out!using!procedures!described!in!Gratton,!Coles!&!Donchin!(1983).!The!data!was!further!cleaned!by!discarding!epochs!with!voltage!changes!greater!than!200!uv.!Only!data!for!correct!trials!were!analyzed.!!
' '
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Results'Behavioral!The!average!RT!and!accuracy!data!summarizing!cue!and!target!compatibility!effects!are!presented!in!Table!3.1.!Accuracy!and!reaction!time!were!analyzed!with!a!repeated2measures!ANOVA,!with!cue!type!and!stimulus!type!as!within!subjects!factors!and!age!group!as!between2subjects!factor.!Median!RTs!were!computed!to!limit!the!effect!of!extreme!values.!For!median!reaction!times!(Table!3.1,!Figure!3.2),!there!was!a!main!effect!of!stimulus!F(1,!25)=212.355,!p<.001,!ηp2=.895,!with!longer!RTs!for!incompatible!trials.!There!was!a!near2significant!stimulus!and!age!interaction!F(1,!25)=4.179,!p=.052!ηp2=.143,!with!greater!flanker!effects!for!the!older!group.!Despite!the!lack!of!specific!instructions!regarding!how!to!use!the!cues!(unlike!Gratton!et!al.,!1992!and!Ghinescu!et!al.,!2010),!the!cue!and!stimulus!interaction!approached!significance!F(2,50)=2.714,!p=.076,!ηp2=.098:!smaller!flanker!effects!were!observed!for!PN!and!PI!trials.!Although!Figure!3.2!shows!that!this!effect!was!greater!in!the!older!adult!group,!there!was!no!significant!three2way!interaction!of!cue,!stimulus!and!age—perhaps!due!to!the!smaller!sample!size.!The!apparent!smaller!effects!of!cue!in!the!young!adult!group!may!reflect!ceiling!effects!in!reaction!time.!For!percent!correct!measures,!accuracy!was!higher!on!compatible!trials!
F(1,25)=15.626,!p=001,!ηp2=.385.!We!also!computed!inverse!efficiency!scores!(Townsend!&!Ashby,!1983;!Bruyer!&!Brysbaert,!2011),!which!provide!a!measure!of!RT!that!takes!into!account!accuracy.!For!each!subject,!we!divided!the!median!RT!by!accuracy!(proportion!correct).!These!accuracy!adjusted!RTs!revealed!the!same!trends!as!the!median!RT!analyses!(Figure!3.2).!There!was!a!still!significant!effect!of!stimulus!compatibility!F(1,!25)=82.665,!
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p<.001,!ηp2=.768,!and!although!not!significant,!the!stimulus!compatibility!by!age!interaction!(F(1,25)=2.218,!p=.149,!ηp2=.081)!also!showed!a!trend!for!bigger!flanker!effects!in!older!adults,!while!the!cue!by!stimulus!interaction!(F(2,!50)=1.399,!p=.256,!ηp2=.053)!showed!the!same!trend!of!smaller!flanker!effects!in!PI!and!PN!trials.!Taken!together,!these!findings!show!that!despite!the!absence!of!explicit!instructions!and!more!than!half!of!participants!reporting!not!finding!the!shape!cues!useful!(14!out!of!27;!7!young),!cue!information!had!some!effect!on!task!performance.!Incompatible!RTs!were!faster!after!PI!and!PN!cues,!and!suggest!strategic!engagement!of!control!to!reduce!interference!from!flankers!during!target!onset.!Although!the!interaction!of!cue,!stimulus!and!age!did!not!reach!significance!presumably!due!to!a!lack!of!power,!the!cue!modulation!effect!was!more!pronounced!in!the!older!adult!group.!The!weaker!effect!in!the!younger!group!may!reflect!floor!effects!in!reaction!time.!It!is!also!plausible!that!older!adults!were!more!likely!to!use!the!cue,!however,!only!5!out!of!the!12!older!adults!(vs!8!out!of!the!15!young!adults)!reported!using!the!cue.!Nonetheless,!Ghinescu!et!al.,!2010!demonstrated!that!cue2related!modulations!can!be!observed!in!the!absence!of!explicit!knowledge!regarding!the!stimulus!probabilities!associated!with!the!shape!cues.!!EEG!Results!! Cue&locked!analyses.!The!grand!average!waveforms!for!each!cue,!noise,!and!age!condition!are!presented!in!Figure!3.3.!!The!analysis!was!conducted!by!averaging!intervals!(separately!for!each!electrode,!and!applying!ANOVA!to!each!interval!data).!!252ms!intervals!were!used!to!derive!mean!amplitude!measures!used!for!analyses.!Main!effects!of!cue!were!observed!primarily!in!F3,!C4,!P3!and!P4!(Table!3.2).!In!F3,!the!early!effects!were!characterized!by!greater!positivity!for!PI!vs!PC!and!PN!trials—effects!mirrored!in!more!
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posterior!electrodes.!The!later!effects!in!F3!were!more!sustained!and!showed!a!graded!effect!of!cue,!with!PI!showing!the!greatest!positivity!and!PC!the!greatest!negativity,!while!the!later!effects!in!C4!and!P4!showed!sustained!negativity!for!PC!and!PN.!Although!cue!modulation!around!300!ms!was!observed!in!young!adults!but!not!in!older!adults,!significant!interactions!of!age!and!cue!were!found!only!in!5752625!ms!in!F3!and!F4.!These!effects!were!driven!by!greater!negativity!for!PC!and!PN!trials!in!the!older!adults.!To!determine!whether!this!effect!in!F3!was!related!to!performance,!we!derived!cue!effects!for!median!reaction!time!(PI2PC)!and!F3!(PI–PC!mean!amplitude!over!6002625!ms).!We!found!that!the!RT!cue!effect!was!related!to!the!cue!effect!in!F3!(Figure!3.4),!with!greater!cue!modulation!or!greater!PI!positivity!predicting!smaller!cue2related!RT!differences!(“costs”).!This!effect!was!significant!before!controlling!for!age!r(26)=2.361,!p=.032,!and!after!taking!chronological!age!into!account!r(24)=2.358,!p=.036.!Since!behavioral!effects!were!primarily!seen!for!incompatible!trials,!we!re2ran!the!correlation!with!only!incompatible!RTs.!The!correlation!was!still!significant!before!controlling!for!age!r(26)=2.337,!p=2.043,!and!after!r(24)=2.331,!p=2.049.!! Target&locked!analyses.!For!analyzing!activity!time2locked!to!the!target,!we!computed!the!LRP!by!first!averaging!activity!(separately!for!each!hand)!from!central!electrodes!contralateral!to!the!correct!response!hand!and!then!averaging!activity!from!central!electrodes!ipsilateral!to!the!response!hand.!For!computation!of!the!contralateral!and!ipsilateral!waveforms,!responses!were!collapsed!across!left!and!right!hand!responses.!Ipsilateral!waveforms!were!then!subtracted!from!contralateral!waveforms!to!create!the!LRP.!Figure!3.5!shows!that!overall,!LRPs!to!incompatible!trials!onset!later,!replicating!
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previous!findings!and!confirming!the!current!study’s!behavioral!results!of!delayed!responses.!We!conducted!a!repeated2measures!ANOVA!with!age!group!as!a!between2subjects!factor,!and!time![latency,!2502400!ms,!4002550!ms],!cue!and!stimulus!compatibility!as!within2subjects!factors.!It!is!important!to!note!that!these!targetBlocked!
analyses!may!not!be!very!meaningful!given!the!10!ms!or!less!RT!effect!and!the!250!Hz!(4!ms)!
sampling!rate!for!the!EEG.!!
! Main!effects!revealed!that!LRPs!were!larger!in!older!adults!F(1,!25)=8.611,!p=.007,!
ηp2=.256,!in!the!later!time!window!F(1,!25)=31.144,!p<.001,!ηp2=.555,!and!for!incompatible!trials!F(1,!25)=90.372,!p<.001,!ηp2=.783.!The!LRPs!were!significantly!later!for!incompatible!trials!as!shown!by!a!significant!time!and!stimulus!interaction!F(1,!25)=42.873,!p<.001,!
ηp2=.632.!The!interaction!between!time!and!cue!was!also!significant!F(2,!50)=4.047,!p=.023,!
ηp2=.139.!Overall,!mean!LRPs!were!larger!for!PI!trials!and!pronounced!in!the!later!interval.'PN!trials!showed!the!smallest!LRP!in!the!early!interval,!but!the!largest!in!the!later!interval.!Notably,!the!PC!and!PI!trials!showed!larger!LRPs!for!compatible!trials!and!suggest!that!participants!also!engaged!in!a!parallel2processing!strategy!for!PC!trials.!Age!interacted!with!time!F(1,!25)=8.175,!p=.008,!ηp2=.246,!and!stimulus!F(1,!25)=8.514,!p=.007,!ηp2=.254.!The!three2way!interaction!of!age,!time!and!stimulus!was!also!significant!F(1,!25)=11.952,!p=.002,!ηp2=.323,!with!the!greatest!stimulus!compatibility!effect!occurring!at!the!later!interval!in!older!adults.!Finally,!the!three2way!interaction!of!time,!cue!and!age!was!marginally!significant!F(2,!50)=2.676,!p=.079,!ηp2=.097.!In!young!adults,!the!LRP!was!delayed!for!PC!compared!to!PN!and!PI!trials.!In!older!adults,!PN!trials!differentiated!the!most—with!smaller!LRPs!in!the!later!interval.!To!summarize!the!
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aforementioned!interactions,!Figure!3.6!displays!the!waveforms!according!to!cue,!stimulus!and!age!even!though!the!four2way!interaction!with!time!did!not!reach!significance.!!! For!each!cue!type,!we!then!correlated!the!magnitude!of!the!later!window!LRP!flanker!effect!with!the!behavioral!RT!flanker!effect.!However,!it!is!important!to!note!that!given!the!behavioral!effects!which!were!10212!ms!in!magnitude!(incompatible!trials!in!older!adults),!the!resolution!of!the!ERP!may!not!be!sufficient!to!capture!differences.!Moreover,!analyses!here!are!time2locked!to!the!target!and!not!to!response,!which!may!better!meaningful!differences!in!the!LRP.!For!all!cue!types,!a!smaller!LRP!flanker!effect!(more!positive!difference!waveform!between!compatible!and!incompatible!trials)!predicted!smaller!RT!flanker!effects:!r(25)=2.327,!p=.049!for!PC,!r(25)=2.414,!p=.016!for!PN,!
r(25)=2.325,!p=.049!for!PI!.!It!is!also!important!to!note!that!after!removal!of!the!subject!whose!data!for!all!three!cue!types!was!the!most!extreme!in!both!ERP!and!RT,!the!correlations!were!no!longer!significant,!although!they!were!in!the!same!negative!direction.!The!correlations!were!also!no!longer!significant!after!accounting!for!age—presumably!due!to!the!shared!variance!between!age!and!the!magnitude!of!the!flanker!effect.!It!is!also!possible!that!the!current!sample!was!not!sufficient!for!this!analysis,!and!that!analyzing!LRPs!time2locked!to!the!response!may!yield!more!robust!and!reliable!effects.!No!correlations!were!found!for!the!early!window!LRP.!
' Although!the!relationship!between!LRP!and!behavioral!performance!was!not!robust,!we!examined!whether!the!F3!cue!effect!previously!found!to!relate!to!performance!is!related!to!cue2related!LRP!effects.!For!the!LRP,!we!also!computed!a!cue!effect!by!subtracting!PI!from!PC!trials.!For!the!early!time!window!there!was!a!marginally!significant!positive!correlation!r(25)=.261,!p=.094!which!persisted!after!accounting!for!chronological!age!
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r(25)=.258,!p=.102.!The!correlation!was!in!the!same!direction,!albeit!weaker!and!did!not!approach!significant!for!the!later!LRP!window.!A!closer!look!showed!that!this!effect!was!driven!by!the!compatible!LRPs,!as!the!F3!cue!effect!was!highly!correlated!with!the!LRP!cue!effect!on!compatible!(Figure!3.7),!but!not!incompatible!trials!r(25)=.561,!p<.001,!even!after!controlling!for!age!r(25)=.598,!p=.001.!Thus,!greater!cue2related!modulation!in!F3!predicted!greater!LRP!modulation!on!compatible!trials—suggesting!employment!of!strategic!control!during!the!preparatory!period.!The!lack!of!correlation!for!incompatible!trials!is!likely!due!to!a!combination!of!greater!variability!across!time!and!across!subjects!and!the!relative!instability!of!the!cue!effects!(as!opposed!to!relative!stability!of!the!compatibility!effects)!beginning!mid2500!ms!post2target!onset.!
! !
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Discussion'Despite!the!absence!of!explicit!instruction!strategies,!we!found!some!evidence!for!cue2related!behavioral!adjustments!in!the!flanker!task.!Flanker!compatibility!effects!were!smaller!after!PI!and!PN!trials—driven!by!faster!RTs!for!incompatible!trials,!and!these!benefits!were!most!evident!in!older!adults.!The!behavioral!advantage!for!PI!trials!was!related!to!modulation!in!F3!around!600!ms!after!cue!presentation,!which!suggests!recruitment!of!control!processes!to!reduce!flanker!interference.!This!is!the!first!study!to!our!knowledge!to!characterize!these!expectancy2related!brain!and!behavior!modulations!in!the!absence!of!strategy!instructions!and!show!that!older!adults!are!also!able!to!use!information!about!the!cue!to!improve!performance.!The!findings!of!PC!negativity!and!PI!positivity!parallel!ERP!results!in!the!original!paradigm!that!included!explicit!instructions!on!how!to!use!cues!(Gratton!et!al.,!1992).!The!effects!here!are!not!as!robust!however,!and!is!likely!related!to!the!variability!in!strategies!employed!during!the!task.!!Indeed,!more!than!50%!of!participants!reported!that!they!did!not!find!the!shapes!useful,!and!only!two!participants!reported!using!the!parallel!strategy!explicitly!provided!in!previous!studies!(Gratton!et!al.,!1992;!Ghinescu!et!al.,!2010).!Nonetheless,!the!observation!of!cue2related!behavioral!modifications!speaks!to!the!relative!subconscious!nature!of!such!control!of!behavior!that!does!not!rely!on!effortful!implementation!of!attentional!processes.!This!finding!is!especially!promising!in!the!context!of!aging,!which!is!characterized!by!declines!in!inhibitory!control!(Hasher!&!Zacks,!1988;!Hasher,!Zacks!&!May,!1999;!Zacks!&!Hasher,!1994).!!In!the!current!study,!although!older!adults!showed!a!larger!flanker!effect!than!the!young!adults,!they!were!nevertheless!able!to!take!advantage!of!the!cue!and!showed!reduced!interference!effects!on!PI!and!PN!trials.!!
! 75!
In!the!ERPs,!young!adults!showed!cue2driven!differentiation!earlier!in!the!preparatory!period!unlike!older!adults!whose!cue!effects!emerged!only!around!600!ms.!While!only!the!later!effect!at!600!ms!correlated!with!behavior,!it!is!plausible!that!the!earlier!cue2effects!also!play!a!functional!role—but!their!effects!were!not!measurable!due!to!RT!ceiling!effects!particularly!in!the!young!adults!who!show!the!early!ERP!differentiation.!In!this!same!regard,!any!effects!of!the!cue!on!the!LRP!may!not!be!discernible!for!several!reasons.!First,!the!ERP!sampling!rate!of!250!Hz!(4!ms)!may!not!be!sensitive!enough!to!capture!RT!differences!in!the!order!of!10!ms!or!less!(Table!3.1).!It!is!worth!noting,!however,!that!the!target2locked!LRP!was!sensitive!to!differences!in!flanker!compatibility!and!age—where!large!behavioral!differences!were!found!(RT!differences!greater!than!50!ms).!Older!adults!showed!larger!LRPs,!consistent!with!previous!findings!in!non2flanker!speeded!tasks!(Vallesi!&!Stuss,!2010;!Falkenstein,!Yordanova!&!Kolev,!2006;!Yordanova,!Kolev,!Hohnsbein!&!Falkenstein,!2004)!that!attribute!age2related!slowing!to!reduced!excitability!of!motor!cortex,!or!a!greater!level!of!activation!needed!for!responding.!!Second,!target2locked!LRPs!may!not!yield!meaningful!differences!given!the!robust!compatibility!and!age!differences!in!response!times.!Thus,!response2locked!LRPs!may!better!capture!any!cue2driven!differences!in!motor!response!preparation.!Moreover,!a!jackknife2based!approach!for!estimating!LRP!onset!latencies!may!yield!more!reliable!measures!(Miller,!Patterson!&!Ulrich,!1998;!Stahl!&!Gibbons,!2004).!Third,!if!control!adjustments!are!indeed!implemented!during!the!preparatory!period!as!we!see!here,!there!may!be!minimal!additional!effects!in!the!LRP.!Indeed,!we!find!that!the!cue!modulation!600!ms!post2cue!presentation!predicted!RT!cue!effects.!In!the!next!chapter,!we!take!a!closer!look!at!the!neurocognitive!mechanisms!that!accompany!these!changes!in!behavior.!
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Future!directions!include!increasing!the!sample!size!and!investigating!individual!differences!that!may!moderate!cue!and!compatibility!effects.!Cardiovascular!fitness!(Colcombe!&!Kramer,!2003),!working!memory!and!fluid!intelligence!have!all!been!related!to!the!ability!to!tune!and!engage!control!(Brumback2Peltz!et!al.,!2011;!Kane!et!al.,!2004;!Unsworth!&!Spillers,!2010).!Knowledge!of!the!mechanisms!of!control!and!its!moderating!factors!can!be!leveraged!to!improve!the!quality!of!life!throughout!the!lifespan.!! !
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Tables!!
Table!3.1.!Mean!accuracy!and!reaction!times!with!standard!errors.!Age! Cue! Stimulus! RT! SE!RT! Accuracy! SE!Accuracy!Young! PC! Com! 462.100! 23.402! 2.607! .190!Inc! 515.633! 25.622! 2.332! .242!PN! Com! 466.200! 22.784! 2.820! .203!Inc! 512.433! 24.484! 2.096! .176!PI! Con! 460.933! 23.103! 2.779! .224!Inc! 511.267! 23.951! 2.098! .174!Older! PC! Com! 482.250! 26.165! 2.742! .213!Inc! 556.125! 28.646! 2.326! .270!PN! Com! 480.792! 25.473! 2.788! .227!Inc! 544.375! 27.374! 2.081! .197!PI! Com! 484.625! 25.830! 3.072! .250!Inc! 546.250! 26.778! 2.065! .194!
!
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Table!3.2.!Summary!of!mean!amplitude!cue!effects.!Interval!start!(ms)! F3! F4! C3! C4! P3! P4!150! ! ! ! ! +! +!175! *! +! **! **! **! **!200! +! ! ! ! ! !225! ! ! ! ! ! !250! ! ! ! ! ! !275! *! ! ! ! ! !300! ! ! ! ! ! +!325! ! ! ! ! ! !350! ! ! +! *! *! *!375! +! ! ! ! +! !150! ! ! ! ! ! !175! ! ! ! ! ! !450! +! ! ! *! ! *!475! *! +! *! **! **! *!500! ! ! ! *! ! +!525! *! ! ! ! ! !550! *! ! ! *! ! +!575! ! ! ! +! ! +!600! *! ! ! *! +! !625! *! ! ! ! *! !650! ! ! ! ! ! !675! ! ! ! ! ! !700! ! ! ! ! ! !725! ! ! ! ! ! !750! ! ! ! *! *! *!775! ! ! ! *! ! *!
!**,!*!and!+!denote!significance!at!the!level!of!p<.01,!p<.05!and!p<.10!respectively.!!
'
' '
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Figures'
'
Figure!3.1.!Cued!flanker!task!paradigm.!! !
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Figure!3.2.!RT!flanker!effects!and!IESBRT!flanker!effects!as!a!function!of!cue!and!age!
!
 
'
' '
30 
40 
50 
60 
70 
80 
90 
100 
110 
PC PN PI 
Fl
an
ke
r E
ffe
ct
 (m
s)
 
OLDER IES-RT YOUNG IES-RT 
OLDER median-RT YOUNG median-RT 
! 81!
Figure!3.3a.!ERP!Results!for!the!young!adults!(Blue:!PC,!Black:!PN,!Red:!PI).!Data!were!
filtered!at!8!Hz!for!graphing!purposes.!
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Figure!3.3b.!ERP!Results!for!the!older!adults!(Blue:!PC,!Black:!PN,!Red:!PI).!Data!were!filtered!
at!8!Hz!for!graphing!purposes.!
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Figure!3.4.!F3!cue!modulation!predicts!behavioral!differences!
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Figure!3.5.!Lateralized!readiness!potential!as!a!function!of!cue!and!compatibility!!
(Blue:!PC,!Black:!PN,!Red:!PI.!Dashed!lines:!compatible,!Solid!lines:!incompatible)!
!
!
' '
C3/C4
−200 200 400 600 800
−2
−1.5
−1
−0.5
 
 
BIN1: PC−con
BIN2: PN−con
BIN3: PI−con
BIN4: PC−inc
BIN5: PN−inc
BIN6: PI−inc
! 85!
Figure!3.6.!LRPs!according!to!cue,!stimulus!and!age.!
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Figure!3.7.!Correlation!between!F3!cue!effect!and!compatible!LRP!cue!effect!!
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'
'
CHAPTER'4'
CONTROL'ADJUSTMENTS'IN'AGING:'EROS'FINDINGS!!
Introduction!In!this!section,!we!examine!the!neurocognitive!dynamics!that!relate!to!the!behavioral!adjustments!observed!in!the!previous!chapter.!In!the!conflict!adaptation!literature,!which!emphasizes!the!experience!of!conflict!over!an!expectancy!account,!reconfiguration!of!behavior!has!been!linked!to!up2regulation!of!frontal!regions.!Experience!of!high2conflict!trials!(e.g.,!incompatible!flanker!targets)!triggers!activation!of!the!anterior!cingulate!cortex!(ACC,!or!dACC!for!dorsal!ACC)!that!is!then!found!to!correlate!with!up2regulation!of!the!dorsolateral!prefrontal!cortex!(dlPFC,!Kerns!et!al.,!2004,!2006)!either!on!the!subsequent!trial!or!during!the!following!inter2trial!interval.!In!a!review,!Egner!and!Hirsch!(2005)!highlighted!the!role!of!the!dACC!in!monitoring!performance!and!detecting!conflict,!and!its!interaction!with!the!dorsolateral!prefrontal!cortex!in!deploying!greater!control!on!the!next!trial!(Botvinick!et!al.,!2001;!Botvinick,!Cohen!&!Carter,!2004;!Kerns!et!al.,!2004;!Hanslmayr!et!al.,!2008).!More!recently!however,!the!dACC’s!importance!has!been!extended!beyond!conflict!detection!to!a!more!general!role!involving!evaluation!of!the!value!of!or!need!for!control!(Shenhav,!Botvinick!&!Cohen,!2013).!As!such,!we!hypothesize!greater!activation!of!the!dACC!in!the!current!experiment!for!the!predict2incompatible!cues!associated!with!a!greater!need!for!attentional!control.!Although!the!dACC!may!play!an!important!functional!role!in!initiating!control!processes,!the!implementation!of!control!is!thought!to!lie!with!the!dlPFC!that!then!specifies!the!preparatory!processes!in!the!task2relevant!brain!regions.!Little!is!known!however,!about!the!dynamics!of!these!processes:!how!activity!in!the!anterior!cingulate,!prefrontal!
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cortices!and!other!task2relevant!regions!interact!across!time,!and!how!these!processes!might!change!with!old!age.!This!study!seeks!to!fill!in!these!missing!links.!!The!conflict!adaptation!and!expectancy!accounts!both!rely!on!the!idea!that!prefrontal!cortex!acts!to!bias!activity!in!other!regions.!However,!fMRI!and!EEG!parardigms!are!limited!in!characterizing!the!dynamics!between!the!two!regions,!with!the!majority!of!analyses!limited!to!correlations!of!absolute!activity!or!correlations!at!the!zero2lag!order.!A!particular!novel!aspect!of!this!experiment!is!the!use!of!optical!imaging,!a!method!that!can!measure!both!neuronal!activity!(EROS)!and!blood!flow!in!the!cortex.!As!EROS!is!a!direct!measure!of!neuronal!activity,!we!can!detect!rapidly!changing!activity!in!the!course!of!milliseconds!and!characterize!potentially!interacting!activity!in!regions!like!the!prefrontal!cortex!and!anterior!cingulate!cortex.!Moreover,!we!use!this!technique!in!conjunction!with!electroencephalography!(EEG/ERP),!which!helps!guide!and!supplement!analyses!of!the!optical!imaging!data!by!identifying!time!intervals!of!interest!and!providing!complementary!indices!of!preparatory!neural!markers.!Given!the!findings!of!left!frontal!modulation!in!the!ERPs!and!the!literature!on!conflict!adaptation,!we!expect!to!observe!up2regulation!of!dlPFC!during!the!preparatory!period,!particularly!for!PI!cues!that!require!more!implementation!of!strategic!control!over!behavior.!If!the!dACC!does!track!the!need!for!control,!it!should!similarly!show!up2regulation!for!PI!trials.!Moreover,!we!hypothesize!that!lagged!cross2correlation!analyses!will!confirm!the!coupling!of!these!two!regions,!as!well!as!reveal!the!specific!interactions!of!dlPFC!with!motor!regions!involved!in!executing!responses!to!the!target!stimuli.!
' '
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Methods'Optical!Recording!and!Planned!Analysis!Concurrent!with!behavioral!and!EEG!data!acquisition,!we!recorded!brain!activity!using!two!Imagent®!frequency!domain!systems!(ISS!Inc.,!Champaign,!IL)!that!together!afforded!a!total!of!24!detectors.!These!detectors!were!32mm!fiber!optic!bundles!connected!to!photomultiplier!tubes,!and!measured!activity!from!64!laser!diodes!that!were!4002μm!in!diameter!and!channeled!near!infrared!light!(830!nm)!modulated!at!110!MHz,!with!a!cross2correlation!(i.e.,!heterodyning)!frequency!of!3.125!kHz.!!!This!allowed!for!recording!data!using!a!50!kHz!A/D!conversion.!Measures!of!DC!(average)!intensity,!AC!(amplitude)!and!relative!phase!delay!(in!picoseconds)!were!obtained!for!each!of!these!periods!by!applying!Fast!Fourier!transforms!applied!to!small!segment!(1.6!ms!per!channel)!of!raw!optical!data.!!As!data!were!time2multiplexed!across!16!channels!for!each!detector,!useful!optical!data!were!recorded!continuously!with!an!effective!sampling!rate!of!39.!0625!Hz.!A!customized!foam!helmet!was!used!to!secure!the!sources!and!detectors!fibers!on!a!participant’s!head.!Two!source2detector!montages!were!created!for!each!participant!using!in2house!software!(NOMAD,!Mathewson,!2012).!Three!helmets!of!different!size!were!designed!for!the!study,!and!two!montages!were!created!for!each!of!the!three!helmets.!Each!montage!consisted!of!64!sources!and!24!detectors!that!covered!the!majority!of!cortex!(Figure!4.1!for!an!example!of!coverage).!All!source2detector!distances!fell!between!2.0!and!6.0!cm!and!each!montage!was!designed!to!maximize!the!channels!with!distances!of!3.024.0!cm!and!avoid!cross2talk!between!Imagent!systems.!The!first!10!blocks!were!run!with!the!first!montage,!and!the!last!10!blocks!were!run!with!the!second!montage,!with!montage!order!was!counterbalanced!across!subjects.!Prior!to!recording,!the!front!of!the!helmet!was!
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marked!with!an!eyeliner!pencil!to!align!the!helmet!and!assist!with!repositioning!if!the!helmet!moved!between!blocks!or!montages.!!After!the!imaging!session,!each!source!and!detector!location!was!digitized!in!relation!to!the!nasion!and!fiducial!preauricular!points!using!a!Polhemus!“3Space”™!Fasttrk!3D!digitizer!(Colchester,!VT)!with!an!extended!stylus!and!Locator!4.1!software!(Source!Signal!Imaging!Inc.,!San!Diego,!CA).!MPRAGE!scans!(obtained!with!similar!parameters!as!the!previous!study)!and!fiducial!markers!were!used!to!co2register!the!digitized!optical!channels.!Data!then!underwent!standard!Talairach!transformation!(Whalen!et!al.,!2008;!Chiarelli!etc!al.,!2014)!and!scalp2forcing!prior!to!further!analysis.!Only!data!from!channels!with!source2detector!distances!between!15!and!55!mm!were!analyzed.!! This!paper!covers!phase!delay!(time2of2flight)!measures!recorded!from!precue!onset!to!1000!ms!after!precue!onset.!Data!underwent!correction!for!phase!wrapping!and!pulse!artifacts!(Gratton!&!Corballis,!1995),!then!adjusted!to!a!mean!of!zero!for!each!block,!and!bandpass2filtered!between!0.10!and!10!Hz.!Correct!trial!data!were!segmented!into!epochs!time2locked!to!precue!onset,!and!averaged!separately!for!each!subject,!condition!and!channel.!Optical!data!were!baseline2corrected!using!a!150!ms!period!preceding!the!precue.!Only!channels!with!phase!standard!deviation!less!than!100!picoseconds!were!included!in!the!analysis!(Gratton,!et!al.,!2006).!In2house!software!“Opt23d”!(Gratton,!2000)!was!used!to!compute!statistics!and!combine!data!from!channels!whose!diffusion!paths!intersected!a!given!voxel!(Wolf!et!al.,!2000).!Data!were!spatially!filtered!with!an!82mm!Gaussian!kernel.!To!compute!statistical!maps,!group2level!t2statistics!were!derived!across!subjects!and!then!converted!to!z2scores,!with!appropriate!correction!for!multiple!comparisons!using!random!
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field!theory!(Kiebel!et!al.,!1999).!Z2scores!were!orthogonally!projected!onto!axial,!sagittal!and!coronal!surfaces!of!a!brain!in!Talairach!space.!!
' For!all!results!presented!here,!although!data!is!sampled!every!25.6!ms,!we!conducted!analyses!on!smoothed!data!down2sampled!by!a!factor!of!two.!This!reduces!noise!given!the!relatively!lower!signal2to2noise!ration!of!EROS!and!the!relatively!smaller!sample!in!the!current!experiment,!as!well!as!reduces!the!number!of!comparisons!across!time!points.!EROS!results!! Cue&locked!activity.!Analyses!focused!on!1502800!ms!interval!after!the!cue,!as!this!interval!carried!the!largest!voltage!changes!in!the!ERP!data.!First!we!examined!which!areas!showed!greater!activation!for!PI!trials,!which!according!to!!“conflict!adaptation”!fMRI!studies,!should!reveal!up2regulation!in!the!dACC!followed!by!up2regulation!in!dorsolateral!PFC.!Overall,!similar!results!were!obtained!for!the!contrasts!of!PI>PC,!PI>PN!and!PI>PC&PN.!For!brevity,!we!present!results!from!the!PI>PC!contrast!(Figure!4.2),!as!these!showed!the!greatest!differences!in!the!behavioral!and!ERP!results!and!were!more!likely!to!produce!more!consistent!strategies!in!participants.!Beginning!around!153!ms,!we!observed!cue!modulation!in!the!dACC.!A!pattern!of!greater!activation!for!PI!vs!PC!trials!peaked!at!several!points,!first!at!204!ms!(z(26)!=!3.43,!z!crit!=!3.41,!21/29/42),!then!at!460!ms!(z(26)=3.79,!zcrit=3.44,!23/32/43)!and!finally!at!665!ms!although!this!effect!did!not!reach!significance!(z(26)=3.70,!zcrit=3.51,!213/37/46).!Around!these!same!times,!greater!activity!for!PI!vs!PC!trials!was!also!observed!in!a!region!bordering!left!MFG!and!SFG,!with!significant!peaks!at!153!ms!(z(26)=3.22,!zcrit!=!3.21,!248/27/27),!and!near2significant!effects!at!256!ms!(z(26)=2.75,!zcrit=2.90,!238/29/36)!and!
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614!ms!(z(26)=2.92,!zcrit!=!3.00,!246/4/41).!The!time!course!of!these!frontal!modulations!corresponded!to!the!ERP!intervals!during!which!significant!cue!effects!were!found!in!frontal!and!central!electrodes.!Like!the!ERPs,!there!was!little!modulation!of!right!PFC,!except!for!a!significant!negative!effect!in!the!area!bordering!right!MFG!and!SFG,!where!PC!trials!showed!greater!activation!at!256!ms!(z(26)=23.78,!zcrit!=!23.30,!44/21/38)!and!409!ms!(z(26)=24.17,!zcrit!=!23.28,!42/14/145).!Similar!to!the!ERPs,!we!also!found!greater!parietal!activity!for!PI!vs!PC!trials,!with!significant!effects!in!the!right!IPS!ROI!at!153!ms!(z(26)!=!3.62,!zcrit!=!3.22,!29/258/51),!409!ms!(z(26)!=!4.27,!zcrit!=!3.52,!42/246/45)!and!665!ms!(z(26)!=!3.31,!zcrit!=!3.18,!52/258/34).!Meanwhile,!left!IPS!showed!marginally!greater!activity!for!PC!trials!at!153!ms!(z(22)=23.25,!zcrit!=!23.27,!231/261/52)!and!then!significantly!greater!activity!for!PI!trials!at!460!ms!(z(24)!=!3.50,!zcrit!=!3.13,!246/263/37).!! Dorsal!ACC!or!dlPFC2initiated!strategic!control!likely!exerts!some!effect!in!motor!cortex!given!the!manual!responses!required!during!the!task,!so!we!also!analyzed!ROIs!in!the!hand!areas!of!motor!cortex.!These!motor!cortex!ROIs!showed!greater!activity!for!PI!vs!PC!trials,!with!a!peak!at!307!ms!around!the!border!of!the!right!motor!cortex!ROI!(z(25)!=!3.05,!zcrit!=!2.96,!29/228/52,!and!another!peak!at!512!ms!in!the!right!motor!cortex!(z(26)!=!3.65,!zcrit!=!3.10,!29/216/54).!The!left!motor!cortex!effect!peaked!at!665!ms!(z(26)!=!3.76,!
zcrit!=!3.02,!236/226/56).!Overall,!these!findings!suggest!that!PI!cues!may!“prime”!motor!cortices!to!facilitate!responses!to!the!target.!!Group!analyses!showed!that!similar!to!the!ERPs,!activity!diverged!according!to!age!in!the!frontal!cortex!shortly!after!cue!presentation,!with!young!adults!overall!showing!greater!cue2related!modulation!of!PFC!(Figure!4.3).!The!age!x!cue!interaction!was!
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significant!in!the!left!MFG!ROI!from!1532256!ms!(peak!at!153:!z(26)!=!3.28,!zcrit!=!3.27,!246/12/41),!at!409!ms!(z(26)!=3.25,!zcrit!=!3.17,!238/21/44)!and!at!665!ms!(z(26)!=!3.30,!
zcrit!=!3.15,!246/24/34).!The!dACC!was!also!sensitive!to!age,!though!the!interaction!did!not!approach!significance!at!153!ms!(z(26)=3.09,!zcrit!=!3.26,!2/34/44)!and!256!ms!(z(26)!=!3.01,!zcrit!=3.43,!2/27/45).!It!is!important!to!note!that!optical!coverage!of!a!deeper!brain!region!such!as!the!dACC,!is!more!sensitive!to!head!size.!That!is,!although!there!may!be!enough!power!to!detect!an!overall!cue!effect,!there!may!not!be!sufficient!data!to!test!an!interaction.!Indeed,!the!four!participants!who!wore!the!smallest!helmet!tended!to!show!greater!activity!on!average!in!the!dACC!ROI,!although!the!correlation!between!helmet!size!and!activation!was!not!significant.!!Interestingly,!older!adults!showed!greater!modulation!for!PI!trials!in!the!right!PFC.!This!effect!was!significant!in!the!right!MFG2SFG!ROI!at!614!ms!(z(26)!=!23.21,!zcrit!=!3.13,!42/24/37).!Since!bilateral!frontal!activation!is!a!common!finding!in!aging!studies,!we!tested!whether!older!adults!activated!right!PFC!instead!of!left!PFC!like!young!adults,!or!if!they!tended!to!activate!both!hemispheres!of!frontal!cortex!to!prepare!for!the!task.!For!the!PI!>!PC!contrast,!older!adults!did!not!show!any!significant!effects!or!trends!for!left!or!right!PFC!activation!at!614!ms,!but!bilateral!PFC!activation!was!observed!at!665!ms,!although!the!ROI!analysis!did!not!reach!significance!during!this!interval.!Looking!into!the!pre2subtraction!results,!we!find!that!this!bilateral!effect!at!665!ms!is!driven!by!greater!bilateral!activation!for!PI!vs!PC!cues,!although!again!the!ROI!analysis!did!not!reach!significance.!!
! !Cross&correlations.!!According!to!the!Botvinick!et!al.!(2001,!2004;!Kerns!et!al.,!2004)!view!of!the!processes!occurring!during!conflict!adaptation!or!congruency!effects,!dACC!activation!after!high2conflict!trials!should!be!followed!or!correlated!with!dlPFC!
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activity.!To!test!whether!the!dACC!and!left!MFG2SFG!activations!were!related!in!the!current!cue!expectancy!paradigm,!we!conducted!cross2correlation!analyses!on!the!period!immediately!after!the!cue.!Cross2correlations!were!conducted!on!the!cue!effect—or!the!difference!between!activity!on!PI!v!PC!trials.!!With!the!peak!dACC!activation!(at!204!ms)!voxel!at!as!a!seed,!we!found!a!near2significant!correlation!with!the!left!MFG2SFG!(Figure!4.4)!at!a!lag!of!460!ms!(z(26)=!2.87,!
zcrit!=!2.89,!246/24/34),!which!is!consistent!with!the!univariate!analysis!that!found!a!left!MFG2SFG!cue!effect!around!6142665!ms.!It!is!also!important!to!note!that!dACC!was!correlated!with!activity!in!parietal!cortex:!with!right!SPL!at!the!0!ms!lag!(z(26)!=!3.15,!zcrit!=!3.08,!24/256/53)!and!512!ms!lag!(z(26)!=!3.33,!zcrit!=!2.96,!19/276/45)!and!with!the!right!IPS!at!a!lag!of!563!ms!(z(23)!=!3.41,!zcrit!=!3.10,!59/263/23).!The!relationship!with!the!left!parietal!cortex!shown!in!Figure!4.4!was!not!significant!in!the!left!IPS!and!left!SPL!ROIs.!!The!univariate!analyses!showed!that!the!earliest!activations!in!dACC!and!left!PFC!overlapped!in!time.!Thus,!we!also!conducted!forward!cross2correlations!using!the!peak!left!PFC!early!activation!as!a!seed.!This!left!PFC2seeded!analysis!yielded!more!regions!with!significant!or!near2significant!correlations,!which!supports!the!idea!that!the!dlPFC!implements!or!executes!specifics!control!commands,!while!the!dACC!primarily!provides!the!initial!step!of!evaluating!the!degree!of!control!required!(see!Shenhav,!Botvinick!&!Cohen,!2014).!We!observed!significant!correlations!in!frontal!and!parietal!areas!(Figure!4.5):!in!the!left!IPS!at!the!51!ms!lag!(z(23)!=!3.19,!zcrit!=!3.15,!231/251/47),!the!left!MFG2SFG!ROI!at!the!153!ms!lag!(z(26)!=!3.49,!zcrit!=!3.00,!231/19/42),!and!the!dACC!at!the!307!ms!lag!(z(24)!=!3.22,!zcrit!=!3.18,!213/44/39).!!
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Trends!were!also!found!in!the!motor!cortex!hand!area!ROIs,!but!neither!the!left2hemisphere!effect!at!409!ms!(z(24)!=!!2.25,!zcrit!=!2.74,!236/221/54)!nor!the!right!hemisphere!effect!at!512!ms!(z(26)!=!2.85,!zcrit!=!2.91,!47/213/46)!reached!significance.!Overall,!the!cross2correlation!analyses!confirm!the!results!of!the!univariate!analyses—both!in!terms!of!when!and!where!PI!cues!elicit!greater!activity!than!PC!cues.!Importantly,!the!cross2correlations!show!that!cue2related!up2regulation!in!these!regions!is!in!part!driven!by!left!PFC.!Together!with!the!univariate!analyses,!these!results!also!suggest!that!the!dACC2left!PFC!relationship!may!be!bi2directional,!and!that!cue2related!control!up2regulation!of!the!PFC!may!occur!early,!independent!of,!and!in!parallel!to!dACC!activation.!
! Does!connectivity!vary!with!age?!!First!we!tested!whether!both!groups!showed!a!cue2modulated!dACC2lPFC!coupling.!In!young!adults,!a!significant!correlation!with!left!MFG2SFG!was!found!at!the!563!ms!lag!(z(13)!=!3.03,!zcrit!=!2.96,!233/14/45),!while!in!old!adults,!the!correlation!was!significant!at!the!102!ms!lag!(z(11)!=!3.01,!zcrit!=!2.95,!246/17/37).!Note!that!in!the!univariate!analyses,!dACC!activation!in!older!adults!was!not!only!weaker,!but!also!tended!to!onset!at!a!later!time!point!compared!to!young!adults!and!closer!in!time!with!the!left!PFC!activity.!Overall,!while!dACC!and!lPFC!activity!are!related!in!both!groups,!the!dynamics!are!not!similar!and!likely!reflect!a!different!pattern!of!preparatory!control!in!older!adults.!! With!the!left!MFG2SFG!cue!effect!as!a!seed,!young!adults!showed!a!similar!pattern!as!that!shown!in!Figure!4.5,!with!trends!for!dACC!coupling!at!307!ms,!and!motor!cortex!coupling!at!the!later!lags.!However,!with!this!reduced!sample!size,!the!ROI!analyses!for!these!areas!were!not!significant.!In!older!adults,!the!dACC!coupling!was!significant!at!the!204!ms!lag!(z(11)!=!3.25,!zcrit!=!3.25,!2/37/44).!Older!adults!showed!widespread!coupling!
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to!other!frontal!areas—particularly!right!PFC.!This!right!MFG2SFG!coupling!was!significant!at!the!358!ms!lag!(z(11)!=!3.30,!zcrit!=!2.87,!24/24/46)!and!approached!significance!at!the!lags!of!102!ms!(z(11)!=!2.41,!zcrit!=!2.87,!44/27/31)!and!563!ms!(z(11)!=!2.55,!zcrit!=!2.87,!29/29/37).!Thus,!although!bilateral!recruitment!could!not!be!reliably!found!in!the!univariate!analyses,!lagged!cross2correlations!showed!that!cue!modulation!in!left!PFC!predicted!similar!modulations!in!right!PFC.!Older!adults!also!showed!a!significant!coupling!between!left!PFC!and!motor!areas,!with!trends!in!the!hand!ROIs!of!both!hemispheres!and!a!significant!effect!at!the!153!ms!lag!in!the!right!motor!ROI!(z(11)!=!3.23,!zcrit!=!2.96,!34/216/51).!! !
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Discussion!This!is!the!first!study!to!our!knowledge!that!has!examined!the!neural!correlates!of!cued!control!adjustments!in!aging.!Our!results!parallel!conflict!adaptation!paradigms!in!showing!that!like!“high2conflict”!trials,!PI!cues!lead!to!greater!activation!in!dACC!and!dlPFC.!While!previous!studies!show!across2trial!correlations!between!the!activations!in!these!two!regions,!here!we!show!through!lagged!cross2correlations!not!only!their!trial2dependent!relationship,!but!also!their!within2trial!relative!order!of!activation.!Moreover,!we!find!that!like!young!adults,!older!adults!also!engage!preparatory!processes!in!response!to!the!cue!and!are!able!to!adjust!their!behavior,!despite!weaker!upregulation!of!dACC!and!dlPFC!when!compared!to!younger!adults.!!The!cross2correlation!analyses!with!dACC!as!a!seed!mirror!the!univariate!analyses!that!found!the!greatest!cue!modulations!in!left!MFG!and!right!parietal!cortices.!We!also!find!that!other!regions!of!the!fronto2parietal!network!are!recruited!in!relationship!to!dACC,!namely!the!right!parietal!cortex!which!has!long!been!known!to!be!important!in!selective,!sustained!spatial!attention!(Beck!et!al.,!2006;!Behrmann,!Geng!!Shomstein,!2004;!Coull!&!Frith,!1998;!Yantis!et!al.,!2002).!This!experiment!elucidates!long!proposed!theories!of!dACC2dlPFC!interactions!from!conflict!adaptation!paradigms.!First,!we!show!here!that!conflict!per!se!is!not!the!driving!force!for!activation!in!dACC.!Our!cue2related!findings!support!an!emerging!view!of!the!dACC!as!evaluating!the!need!for!control!(Shenhav,!Botvinick!&!Cohen,!2013).!Moreover,!we!find!that!dACC!not!only!predicts!up2regulation!of!dlPFC,!but!also!other!regions!known!to!be!involved!in!the!control!of!attention.!Specifically,!dACC!cue!modulation!also!predicted!up2regulation!in!right!IPS2SPL,!which!has!been!related!to!attention!orienting!or!shifts!of!spatial!
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attention!(Yantis!et!al.,!2002).!The!IPS/SPL!and!the!dlPFC!are!commonly!considered!core!regions!of!the!“dorsal!attention!fronto2parietal!network”!(DAN,!see!Sczepanski,!et!al.,!2013!for!a!review)!that!is!preferentially!engaged!in!control2demanding!situations.!These!DAN!regions!are!thought!to!bias!activity!in!other!brain!regions!to!optimize!performance!on!a!given!task.!Indeed,!cross2correlation!analyses!of!the!dlPFC!not!only!revealed!relationships!with!frontal!and!parietal!regions,!but!also!trends!for!associations!with!regions!of!motor!cortex,!specifically!in!regions!related!to!the!manual!responses!required!in!the!flanker!task,!with!PI!cues!“priming”!hand!area!ROIs.!!! Although!older!adults!showed!less!up2regulation!in!dACC!and!dlPFC!as!a!function!of!cue,!they!still!showed!cue2related!RT!benefits.!Univariate!analyses!showed!hints!of!greater!bilateral!frontal!recruitment!in!older!adults,!which!was!confirmed!in!the!cross2correlational!analyses.!Thus,!consistent!with!previous!research,!older!adults!show!“compensatory”!activation!by!modulating!both!hemispheres!of!frontal!cortex.!Separate!cross2correlation!analyses!within!the!older!group!also!revealed!trends!for!up2regulation!in!the!hand!areas!of!motor!cortex.!As!older!adults!may!need!a!higher!threshold!to!execute!a!response!(bigger!LRPs),!one!preparatory!strategy!may!involve!“priming”!the!motor!areas.!Future!plans!include!examining!whether!the!frontal!activations!observed!here!are!related!to!the!F3!modulations!found!in!the!ERP!data—modulations!that!predicted!the!cue2modulated!RT!effects.!Future!plans!include!increasing!the!sample!size!and!probing!whether!the!activations!in!dACC!or!dlPFC!similarly!track!performance,!and!whether!connectivity!measures!related!to!these!regions!are!a!better!predictor!of!performance,!especially!given!the!behavioral!adjustments!observed!in!older!adults!despite!lower!overall!activation.!
' '
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Figures!!
Figure!4.1.!Example!of!overall!brain!coverage!obtained!from!one!subject’s!session.!Figure!
rendering!courtesy!of!Kyle!Mathewson.!!
!
' '
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Figure!4.2.!PI!>!PC!cue!effect!during!preparatory!period!
!
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Figure!4.3.!Age!x!cue!interaction!(YOUNG>OLD!&!PI>PC!are!hot!spots)!in!preparatory!period!
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Figure!4.4.!dACCBseeded!crossBcorrelation!confirms!coupling!with!left!PFC!!
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Figure!4.5.!Left!PFCBseeded!crossBcorrelations!
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CHAPTER'5'
CONCLUSIONS'
'In!two!paradigms,!we!confirm!the!importance!of!prefrontal2driven!cognitive!control!in!aging:!left!PFC!drove!preparatory!process!in!a!switching!task!(Chapter!2)!and!in!a!cued!flanker!task!(Chapters!3!&!4).!This!region!was!not!only!up2regulated!during!the!more!attention2demanding!trials,!such!as!during!switch!trials!or!trials!predicting!incompatible!or!high2conflict!stimuli,!it!also!showed!greater!connectivity!to!task2specific!regions!involved!in!executing!a!response!upon!target!presentation.!Lagged!cross2correlations!provide!a!unique!view!into!the!dynamics!of!control!that!is!most!often!characterized!in!neuroimaging!studies!in!terms!of!co2activations,!without!examination!of!areas!that!may!not!be!synchronously!activated,!but!whose!activity!is!heavily!correlated!with!the!seed!region,!albeit!at!a!later!point!in!time.!Here!we!not!only!show!the!relative!timing!of!activations,!but!demonstrate!the!flexible!nature!of!prefrontal!connectivity!as!it!varies!with!task!demands.!In!Chapter!2,!we!find!that!the!connectivity!of!left!PFC!is!determined!not!only!by!the!amount!of!control!required!as!shown!by!greater!activity!on!switch!trials,!but!also!by!the!specific!task!to!be!performed!on!that!trial:!coupling!to!left2lateralized!regions!for!the!meaning!task,!and!coupling!to!right2lateralized!regions!for!the!position!task.!Moreover,!converging!evidence!for!the!importance!of!such!functional!interactions!was!provided!by!the!finding!that!structural!connectivity!of!the!left!to!right!PFC!predicted!their!task2dependent!coupling.!Chapter!4!examines!the!role!of!the!dACC!in!relaying!control!information!to!the!dlPFC—in!this!case!the!left!PFC.!Again,!cross2correlations!confirmed!the!relationship!between!these!two!regions!and!further!elucidated!the!specificity!of!their!effects.!While!dACC!was!primarily!related!to!left!PFC!up2regulation,!left!PFC!activity!predicted!cue2dependent!up2regulation!of!parietal!and!motor!regions!relevant!to!processing!and!responding!to!the!target!stimulus.!
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Future!directions!include!investigating!the!importance!of!structural!connections!to!these!functional!interactions,!as!well!as!examining!individual!differences!(fitness,!working!memory!capacity,!fluid!intelligence)!that!may!moderate!the!degree!to!which!individuals!apply!strategic!control.!The!importance!of!the!corpus!callosum!discussed!in!Chapter!2!highlights!the!value!of!studying!individual!differences!in!aging.!Although!behavioral!and!ERP!differences!were!observed!between!older!adult!age!groups,!the!functional!interaction!of!left!and!right!PFC!was!not!related!to!chronological!age,!but!to!the!volume!of!the!corpus!callosum.!Furthermore,!the!effect!of!this!structural!connection!on!behavioral!switch!costs!was!evident!even!in!the!younger2old!adults.!These!findings,!as!well!as!the!robustness!of!the!brain2behavior!relationships!even!after!accounting!for!age,!point!to!the!unique!and!important!variance!captured!by!examining!neurocognitive!mechanisms.!Aging!is!a!heterogeneous!phenomenon!and!studies!such!as!these!not!only!shed!light!on!why!certain!individuals!display!relatively!preserved!abilities,!but!also!provide!a!first!step!into!identifying!how!this!may!be!achieved!through!lifestyle!or!intervention.!One!long2term!goal!of!this!line!of!work!is!the!exploration!of!cardiovascular!health,!physical!activity,!and!brain!function.!We!know!that!cardiovascular!fitness!impacts!cognition!via!change!in!brain!activation,!increase!in!cortical!thickness,!and!even!connectivity!in!prefrontal!cortices!(Voss!et!al.,!2010).!In!an!optical!imaging!study,!older!adults!were!found!to!have!lower!arterial!brain!elasticity!compared!to!young!adults,!with!the!greatest!effect!in!prefrontal!areas!(Fabiani!et!al.,!2014).!Lower!fit!individuals!also!showed!reduced!elasticity!in!prefrontal!regions.!Future!directions!include!integrating!these!physical!health!and!intervention!findings!with!analyses!of!functional!and!structural!brain!connectivity.!
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Different!lifestyle!factors!may!selectively!influence!distinct!aspects!of!brain!function,!and!a!multi2modal!approach!can!provide!insight!into!which!factors!or!interventions!may!be!more!beneficial!and!practical!for!different!groups!of!individuals.!!! !
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